
ABSTRACT 
 

BUNKER, Kristin Lee. Development and Application of Electron Beam Induced Current 

and Cathodoluminescence Analytical Techniques for Characterization of Gallium 

Nitride-based Devices. (Under the direction of Dr. Phillip E. Russell.) 

 

The focus of this research was the design, development, and implementation of 

Electron Beam Induced Current (EBIC) and Cathodoluminescence (CL) techniques on 

both a Scanning Electron Microscope (SEM) and high-resolution versions on a Scanning 

Transmission Electron Microscope (STEM).  The EBIC and CL techniques were used to 

characterize electrical and optical properties of fully processed gallium nitride (GaN)-

based and indium gallium nitride (InGaN)-based light emitting diodes (LEDs). 

SEM-EBIC experiments in a linescan configuration were used to determine the 

minority carrier diffusion lengths of electrons and holes in a fully processed GaN-based 

LED.  A theoretical model with an extended generation source and a nonzero surface 

recombination velocity was used to extract the minority carrier diffusion length of the p-

type and n-type layers.  A minority carrier diffusion length of Ln=(80±6) nm for electrons 

in the p-type GaN layer, Lp=(70±4) nm for holes in the n-type GaN: Si, Zn active layer, 

and Ln=(54±4) nm for electrons in the p-type Al0.1Ga0.9N layer were determined. 

The STEM-EBIC technique in a linescan configuration was used to determine the 

p-n junction location of an InGaN-based single quantum well LED with respect to the 

thin quantum well with nanometer precision.  A novel sample preparation method using a 

Focused Ion Beam (FIB) technique and a custom STEM-EBIC sample holder were 

designed for these experiments.  The relative position of the p-n junction with respect to 

the InxGa1-xN quantum well was found to be 19 ± 3 nm from the center of the InxGa1-xN 

quantum well.  In addition, the simultaneous acquisition of Z-contrast, EBIC, and 

elemental aluminum and indium linescans was demonstrated.   

Following successful implementation of the STEM-EBIC technique, several 

advancements to the technique were implemented.  A novel sample preparation method 

was developed involving a variation of the tripod wedge method in combination with the 

FIB technique to analyze any type of packaged or unpackaged optoelectronic device.  



The sample preparation is divided into several steps, including mechanical thinning, grid 

and wire attachment, and FIB milling to create an electron transparent membrane.  In 

addition, a custom cross-sectional STEM-EBIC sample holder was designed to hold the 

fully prepared optoelectronic devices and allow for simultaneous STEM-EBIC 

experiments. 
A SEM-CL system with polychromatic spectroscopic and panchromatic imaging 

capabilities was designed and used to examine piezoelectric fields and indium 

composition fluctuations in an InGaN-based multiple quantum well (MQW) LEDs.  The 

existence and direction of a piezoelectric field was determined with SEM-CL voltage 

dependence experiments and the magnitude was estimated to be 1.0±0.2 MV/cm.  Planar 

panchromatic CL imaging revealed inhomogeneous intensity on the same LED and 

spectral CL measurements were used to locally probe the intensity differences and 

identify any bandgap or indium composition differences. 

Finally, a STEM-CL system with polychromatic spectroscopic and panchromatic 

imaging capabilities was designed, constructed, installed and tested.  The STEM-CL 

design consisted of a lens and fiber optic light collection system and a fiber optic vacuum 

feedthrough to direct the signal out of the microscope.  The technique was demonstrated 

and STEM-CL spectra were obtained from InGaN-based MQW LEDs.   
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1 Introduction and Overview 

1.1 Research Motivation 

 As the solid-state electronics industry continues to shrink the size and dimensions 

of electronic devices and enter into the nanotechnology era, the field of analytical 

techniques for materials and device characterization is presented with new and additional 

challenges.  In particular, the gallium nitride materials (GaN) system has shown a lot of 

success in the area of optoelectronic devices over the past twenty years [1.1-3].  Light-

emitting diodes (LEDs) have evolved from simple GaN-based homojunctions to 

advanced structures using indium gallium nitride (InGaN) quantum well technology.  

This has resulted in an improvement in performance and helped these devices find 

applications in data storage, display technology, traffic lights, white light, UV detectors, 

high temperature/high power electronic devices, and others.  However, the performance 

of devices created from the GaN-based and InGaN-based materials system are still not 

completely understood, especially those utilizing quantum wells, and there is a need for a 

further and more complete understanding of this material system as well as the devices 

created from this materials system. 

 The driving force behind this research is the need for micro- and nano- 

characterization techniques to study the structural, chemical, electrical, and optical 

properties of the GaN-based and InGaN-based materials system and devices.  This 

materials system presents challenges in terms of size, device complexity, and properties 

and performances that are not well understood.  The research presented in this 

dissertation addresses the larger picture through the design, development, and 

implementation of the Electron Beam Induced Current (EBIC) technique and 
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Cathodoluminescence (CL) technique on both the Scanning Electron Microscope (SEM) 

and high-resolution versions on the Scanning Transmission Electron Microscope (STEM).  

The addition of an EBIC and CL system to a SEM or STEM provides the simultaneous 

availability of a variety of modes.  The EBIC and CL techniques will be used to study 

and characterize the electrical and optical properties of fully processed GaN-based and 

InGaN-based LEDs. 

 

1.2 Dissertation Structure 

 The dissertation is structured to allow the reader easy location and review of 

particular subjects of interest.  The first Chapter introduces the reader to the current 

issues, describes the motivation for the work, and states the goals for the research.  

Chapter 2 and 3 provide the reader with some history and background on the GaN 

materials system and the analytical techniques developed and used throughout the 

research.  These two chapters provide supplemental material and information for the 

remaining chapters.  Chapters 4-8 focus on individual components of the research with a 

current literature review, brief background on the technique, and application of the 

technique for studying GaN-based materials issues.  Chapter 4 describes the development 

of a SEM-EBIC system and application of the technique for extraction of minority carrier 

diffusion length in GaN-based LEDs.  Chapter 5 describes the further development of a 

SEM-CL system and application of the technique for determination of the existence of 

piezoelectric fields and examination of indium composition fluctuations in InxGa1-xN 

quantum well LEDs.  Chapter 6 describes the design and development of a STEM-EBIC 

system and application of the technique for the determination of the relative position of 
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the p-n junction with respect to a thin InxGa1-xN quantum well.  Chapter 7 describes 

advancements made to the STEM-EBIC system described in Chapter 6, including the 

ability to prepare fully packaged devices as well as improvements in the design of the 

sample holder.  Components of Chapters 4-7 were submitted individually for publication 

[1.4-10].  Chapter 8 describes the design, development and implementation of a STEM-

CL system including some preliminary STEM-CL data.  The appendices are intended to 

summarize additional information relevant to the investigations, such as lengthy 

calculations and models.  Appendix A1 describes the calculations used to determine the 

injection conditions in the SEM-EBIC experiments, while appendix A2 provides an 

example of the application of the theoretical model used to extract the minority carrier 

diffusion length in Chapter 4.  Appendix 3 describes the calculations used to determine 

the injection conditions in the STEM-EBIC experiments in Chapter 6.  Appendices 4 and 

5 describe the theoretical calculations for the SEM-CL and STEM-CL signals, 

respectively, in Chapter 8. 
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2 Gallium Nitride Materials System 

2.1 Introduction 

Due to the large impact of optoelectronic device applications in markets such as 

optical data storage, display technology, traffic lights, white light, UV detectors, and high 

temperature/high power electronic devices, much research has gone into studying the 

wide band gap III-nitride materials system [2.1].  The III-nitride semiconductor materials 

system, including Gallium Nitride (GaN), Aluminum Nitride (AlN), and Indium Nitride 

(InN), form a continuous alloy system whose direct band gaps for the hexagonal wurtzite 

phase range from 1.9 eV for InN to 3.4 eV for GaN and 6.2 eV for AlN [2.1-4].  The 

indium gallium nitride (InGaN) system has attracted a lot of attention as a candidate for 

the active layer of optoelectronic devices, such as Light Emitting Diodes (LEDs), because 

it has a direct band gap that can be varied between 2.0 eV and 3.4 eV depending on the 

indium mole fraction.  This composition dependence allows potential operating 

wavelengths that cover nearly the entire visible spectrum range, including the green, blue 

and ultraviolet wavelengths.  The addition of efficient and reliable blue LEDs to the 

already available red and yellow LEDs, would complete the full color spectrum of 

available LEDs and make white light achievable.  Figure 2.1 shows the band gap energy 

as a function of lattice constant for a variety of compound semiconductors including the 

III-nitride materials system.  Figure 2.1 was adapted from Reference [2.1]. 

The III-nitrides material system had several obstacles to overcome before it could 

be considered as a material for the fabrication of optoelectronic devices.  The lack of 

lattice matched, thermally compatible, and sufficiently large substrate material made the 

growth of high quality crystalline layers difficult.  Today GaN-based devices are 
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typically grown on sapphire (Al2O3), which has a 13% lattice mismatch with respect to 

GaN, or on 6H-SiC, which has a 3.5% mismatch with respect to GaN [2.1, 2].  III-nitrides 

have also been grown on Si, GaP, InP, ZnO, MgAl2O4, and TiO2 [2.2, 4].  In addition, p-

type doping of GaN had to be achieved and controlled in order to use GaN for blue LEDs 

and Laser Diodes (LDs).  The first breakthrough came in 1989 when Amano and Akaski 

demonstrated conductive p-type GaN by irradiation with low energy electrons [2.5].   

Nakamura et al. improved upon the previous p-type doping results in 1991 by clarifying 

the thermal annealing process for equally sufficient p-type GaN material [2.4]. 

The poor quality of material and the lack of p-type doping that previously 

prevented researchers from fabricating useful devices from the III-nitride materials 

system have been sufficiently overcome and optoelectronic devices have been 

demonstrated [2.6-10].  

 

 

 

 

 

 

 

 

 

 

 Figure 2.1 Band gap energy vs. Lattice constant for different 
compound semiconductors. (Adapted from reference [2.1].) 
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2.2 Optoelectronic Device History 

The III-nitrides material system has experienced significant progress and success 

in the area of optoelectronic devices, such as LEDs.  The III-nitride materials system has 

advanced from the beginning stages of research in the early 1980’s to the development of 

the first GaN-based p-n junction blue LED in 1991 by Nakamura et al. [2.6].  The 

GaN:Si/GaN:Mg LED developed by Nakamura et al. had an output power of 42 µW and 

an external quantum efficiency of 0.18% at a forward current of 20 mA [2.6].   

In 1993, Nakamura et al. were involved in the development of the first p-

GaN/InGaN/n-GaN double heterostucture blue LED [2.7].  The active area consisted of a 

20 nm In0.20Ga0.80N:Si layer between the n-type and p-type GaN.  These LEDs had an 

output power of 125 mW and an external quantum efficiency of 0.22% at a forward 

current of 20 mA.  In 1994, Nakamura et al. fabricated the first AlGaN/InGaN/AlGaN 

double heterostructure [2.8].  The active area consisted of a 50 nm In0.06Ga0.94N:Zn layer 

and the LED had an output power of 1500 µW and an external quantum efficiency of 

2.7%.   

Nakamura further reported the first highly efficient AlGaN/InGaN/AlGaN double 

heterostructure around 1994 [2.9].  The active layer was fabricated by co-doping the 

In0.06Ga0.94N active layer with Si and Zn.  The LED had an output power of 3 mW and 

external quantum efficiency of 5.4% at a forward current of 20 mA.  By increasing the 

indium mole fraction from 0.06 to 0.19, a blue-green LED was also realized.  

 The first single quantum well (SQW) InGaN-based LED structure was described 

in late 1994 by Nakamura [2.10].  It was found that when the InxGa1-xN active layer 

becomes thin, the strain is not relieved by the formation of misfit dislocations thereby 
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improving the crystal quality of the InxGa1-xN active layer.  The active region of the 

device consisted of a 2 nm InxGa1-xN layer and the indium mole fraction was varied 

between 0.02 and 0.07 in order to change the peak wavelength of the InGaN-based SQW 

LEDs from blue to yellow.  The blue SQW InGaN-based LEDs had an output power of 4 

mW and an external quantum efficiency of 7.3% at a forward current of 20 mA.  The 

output power of the yellow and green SQW InGaN-based LEDs was relatively small 

compared to the blue LED probably due the large lattice mismatch and hence the poor 

crystal quality of the InxGa1-xN well layer. 

 The work in this dissertation involves the characterization of GaN/AlGaN single 

heterostructure LEDs, a SQW InGaN-based LED, and blue and green multiple quantum 

well (MQW) InGaN-based LEDs. 

 

2.3 Properties of InGaN-based Quantum Well Structures 

2.3.1 Introduction 

 Since the development of epitaxial growth for the III-nitride material system, the 

defect density in the active layers has been extremely large, on the order of 1010cm-2 [2.4].  

In conventional III-V semiconductor devices a dislocation density of >~103cm-2 degrades 

device performance and a dislocation density of >106cm-2 would be detrimental for light 

emitting devices.  Despite the high dislocation density, InGaN-based devices have 

exhibited a very high optical efficiency.  Therefore, the nature of the radiative transitions 

that occur in these devices is still under debate.  The emission mechanisms in InGaN-

based quantum well (QW) devices are not well understood and the literature reports 

observations and arguments for two different radiative recombination mechanisms.  One 
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is based on piezoelectric fields in the InxGa1-xN layers [2.11-28] and the second is based 

on spatial indium concentration fluctuations across the InxGa1-xN layers [2.29-56].  

Several groups believe that a combination of the piezoelectric fields and the spatial 

indium concentration fluctuations are responsible for the radiative emission in InGaN-

based devices [2.57-63]. 

 

2.3.2 Piezoelectric Effect 

The existence of piezoelectric fields in InGaN-based QW optoelectronic devices 

has attracted interest due to the influence of these fields on the optical and electrical 

properties of the devices [2.4. 64-67].  The piezoelectric fields modify the band structure 

and affect the optical and electrical properties of the devices.  The investigation of the 

existence, direction, and magnitude of piezoelectric fields in InGaN-based QW devices is 

significant for further improvement of device design, engineering, and performance. 

The origin of polarization in the III-nitride materials system is due to both 

piezoelectric and spontaneous components and depends upon the crystal growth direction 

[2.4, 64-66].  The piezoelectric polarization results from lattice mismatch strain which, in 

the GaN/InxGa1-xN system, can approach 10%.  If an epitaxial layer of a crystal is grown 

below the critical thickness on a substrate of slightly different lattice constant, the misfit 

between the layer and the substrate is accommodated by misfit strain within the layer.  If 

the lattice constant of the epilayer is larger than that of the substrate, the strain will be 

compressive.  If the lattice constant of the epilayer is smaller than that of the substrate, 

the strain will be tensile.  When the thickness of the epitaxial layer exceeds the critical 

thickness, the misfit strain begins to relax due to the introduction of misfit dislocations 
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[2.66].  The critical thickness of an InxGa1-xN layer with an indium mole fraction of 0.10 

is approximately 150 nm and the critical thickness of an InxGa1-xN layer with an indium 

mole fraction of 0.20 is approximately 30 nm according to the People and Bean model 

[2.67].  Since the lattice constant of GaN is 3.189 angstroms and the lattice constant of 

InN is 3.548 angstroms, a layer of InxGa1-xN grown below the critical thickness on 

relaxed GaN will be under compressive strain [2.67]. 

Theoretical calculations have shown that the III-nitrides have piezoelectric 

constants that are approximately ten times larger than conventional III-V and II-VI 

compounds and fields on the order of MV/cm can be generated in strained InxGa1-xN 

layers [2.68-70].  Theory predicts that in a compressively strained InxGa1-xN layer grown 

in the [0001] direction, the piezoelectric polarization will point in the [0001] direction 

[2.69-73].  Therefore, the piezoelectric induced electric field (or piezoelectric field) will 

point in the [000-1] direction, as shown in Figure 2.2.  If the compressively strained 

InxGa1-xN layer is grown in the [000-1] direction, the piezoelectric polarization will point 

in the [000-1] direction and the piezoelectric field will point in the [0001] direction.   

 

 

 

 

 

 

 

Compressive InxGa1-xN (3 nm) EPZ

 

AlGaN: p-type

GaN: n-type 
[0001]

Substrate 

Figure 2.2 Schematic of the piezoelectric induced electric field in 
compressively strained InxGa1-xN on relaxed [0001] GaN. (Not drawn to 
scale.) 
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If we again consider the compressively strained InxGa1-xN layer shown in Figure 

2.2, the piezoelectric field, EPZ, in the strained InxGa1-xN QW points from the growth 

surface towards the substrate.  In equilibrium, the bands have a linear ‘tilt’ that causes the 

lowest conduction band minima to occur at the InxGa1-xN/AlxGa1-xN interface and causes 

the highest valence band maximum to occur at the GaN/InxGa1-xN interface.  Therefore 

the electron wavefunction is localized near the InxGa1-xN/AlxGa1-xN interface and the 

hole wavefunction is localized near the GaN/InxGa1-xN interface.  This is termed the 

Quantum Confined Stark Effect (QCSE) and induces a smaller effective bandgap or a 

redshift of the emission with respect to flat band conditions [2.12], as shown in Figure 2.3.  

The magnitude of the shift is related to the strength of the field and to the thickness of the 

layer across which it operates.  Since the band tilting increases the spatial separation of 

the wavefunctions, there is also a decrease in transition probability or recombination rate.  

 One way to experimentally probe the local piezoelectric field is with an external 

bias, as shown in Figure 2.4.  When an external bias is set against the piezoelectric field, 

there is a decrease in the internal piezoelectric field across the quantum wells, leading to 

a larger effective bandgap or a blueshift of the emission.  By increasing the bias, there is 

a cancellation of the piezoelectric field until flatband conditions are reached and a further 

increase in the reverse bias inverts the bands and causing a decrease in the effective 

bandgap (i.e. redshift of the emission).  A second way to experimentally probe the local 

piezoelectric field is by increasing the number of carriers in the quantum well.  This can 

be done by injecting additional carriers (i.e. increasing the forward bias) or by generating 

additional carriers (i.e. photon excitation or electron beam excitation).  In the example 

shown in Figure 2.5, the injected or generated electrons would pool towards the InxGa1-
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xN/AlxGa1-xN interface and the injected or generated holes would pool towards the 

GaN/InxGa1-xN interface.  This separation of charge sets up a screening electric field that 

is set against the piezoelectric field.  Therefore, as the number of carriers is increased, 

there is a decrease in the internal piezoelectric field across the quantum wells, leading to 

a larger effective bandgap or a blueshift of the emission.  By increasing the injected or 

generated carriers, there is a cancellation of the piezoelectric field until flatband 

conditions are reached and a further increase in the reverse bias inverts the bands and 

causing a decrease in the effective bandgap (i.e. redshift of the emission).   
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Figure 2.3 Schematic of the band structure of an InxGa1-xN SQW structure (a) 
without and (b) with piezoelectric (PZ) effects. (Not drawn to scale.) 
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With PZ Effects: Red Shift 
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Figure 2.5 (a) Schematic of an InxGa1-xN SQW structure with a piezoelectric 
(PZ) field and (b) the effects of generated or injected carriers in the quantum 
well on the band structure. (Not drawn to scale.) 
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Figure 2.4 (a) Schematic of an InxGa1-xN SQW structure with a piezoelectric 
(PZ) field and (b) the effects of applying a reverse bias on the band structure. 
(Not drawn to scale.) 
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Theoretical results have also indicated that III-nitrides have a large spontaneous 

polarization that exists in the absence of any external influence including strain or an 

externally applied electric field [2.69-77].  The spontaneous polarization component is 

due to the difference in spontaneous polarization between AlN, GaN, and InN.  

Calculations have shown that the spontaneous polarization charge for GaN, AlN, and InN, 

is -0.029C/m2, -0.081C/m2, and -0.032C/m2, respectively, and that a structure grown in 

the [0001] direction will have a spontaneous polarization oriented in the [000-1] direction 

[2.69-77].  Since the spontaneous polarization in GaN and InN are not very different from 

one another, the piezoelectric effect will dominate the polarization in GaN/InxGa1-xN 

structures and the spontaneous polarization is usually neglected in the calculation of the 

total internal field [2.64-66].  

 

2.3.3 Phase Separation in the InGaN-based System 

The InGaN-based system is an ideal candidate for the active layer for green and 

blue emission because it has a direct bandgap that can be varied between 2.0 eV and 3.4 

eV depending on the indium mole fraction [2.77].  However, one of the challenges of 

implementing InxGa1-xN alloys has been in the growth of the material.  InxGa1-xN films 

are typically grown on silicon carbide (SiC), sapphire or bulk GaN substrates by metal-

organic chemical-vapor deposition (MOCVD) or molecular beam epitaxy (MBE).  There 

is a trade-off between the crystal quality and the amount of InN incorporation into the 

alloy as the growth temperature is changed.  Typically growth temperatures of 800°C 

produce very high crystalline quality, but low amounts indium in the solid [2.78].  Indium 

has a very low sticking coefficient at typical growth temperatures for GaN and the 
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temperature has to be reduced to significantly prevent the dissociation of InN [2.79].  

Therefore, lowering the growth temperature to 500°C does result in an increase in the 

indium concentration, but the crystalline quality is reduced [2.78].  Other attempts to 

increase the indium concentration in the solid by raising the indium pressure in the vapor 

results in indium droplets on the surface [2.78]. 

As researches began to take a closer look at the InxGa1-xN layers they were 

growing, it was determined that there was some mechanism of phase separation occurring 

in the InxGa1-xN layers [2.29-56].  Theoretical work on the InGaN-based system done in 

1996 by Ho and Stringfellow suggested that spinodal decomposition was the mechanism 

for phase separation [2.78].  The critical temperature for phase separation is found to be 

near 1250°C, which is above the melting point of InN.  At the maximum growth 

temperature typically used for the epitaxial growth of InxGa1-xN, 800°C, the InN 

solubility in GaN is calculated to be less than 6%, as shown in Figure 2.6 [2.78].  

Therefore, if the indium mole fraction lies between the spinodal limit and the miscibility 

gap (0.06-0.22 indium at 800°C) the system is no longer unstable, but is metastable.  

These results indicate that InxGa1-xN alloys are unstable over most of the compositional 

range at normal growth temperatures. 

A significant research effort has encompassed the indium composition 

fluctuations across InxGa1-xN layers as the mechanism for emission in InGaN-based 

devices [2.29-56].  The phase separation that occurs in InxGa1-xN layers results in indium-

rich and indium-poor regions.  The indium concentration is assumed to fluctuate spatially, 

thus forming local minima in the energy gap.  The carriers become confined or trapped in 

the local minima which act as radiative recombination centers, as shown in Figure 2.7.  
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The overlap of the electron and hole wavefunctions increases and recombination is 

enhanced.  The emission efficiency is also increased due to the localization in the 

potential minima because the carriers are not free to participate in the nonradiative 

recombination pathways.  Figure 2.7 was adapted from Reference [2.61]. 

 The piezoelectric effect and indium composition fluctuations are two radiative 

recombination mechanisms that help to explain some of the optical characteristics seen in 

InGaN-based QW devices.  The investigation of both the piezoelectric fields and spatial 

indium fluctuations as potential emission mechanism in InGaN-based MQW devices will 

be described in Chapter 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 The miscibility gap (solid) and spinodal (dashed) curves for the 
InxGa1-xN system.  This schematic was taken from reference [2.78]. 
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Indium-rich Region (e- wavefunction confined) 

Indium-rich Region (h+ wavefunction confined) 

InGaN QW

Figure 2.7 Schematic showing the local minima in an InxGa1-xN QW that 
form as a result of the indium fluctuations. (Not drawn to scale.) 
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3 ANALYTICAL TECHNIQUES 

3.1 Introduction 

The Scanning Electron Microscope (SEM) is a powerful analytical tool that can 

be used for the characterization of materials and devices at the micrometer and nanometer 

scale.  The resolution of the SEM in bulk samples is on the order of hundreds of 

nanometers due to the lateral size of the interaction volume.  High-resolution microscopy 

techniques, such as Scanning Transmission Electron Microscopy (STEM), are needed for 

materials and device characterization on the sub-nanometer scale.  The STEM is similar 

to the SEM, except a very high energy electron beam (typically 200 keV) and very thin 

sample (< 200 nm) are used to decrease the size of the interaction volume and improve 

resolution. 

The variety of signals that are produced during the beam-specimen interactions in 

a SEM and STEM can provide information on the structural, compositional, electrical, 

and optical properties of the specimen.  Electron Beam Induced Current (EBIC) and 

Cathodoluminescence (CL) are two techniques that can be used to collect electrical and 

optical information and will be discussed in more detail in this chapter.   

 

3.2 Scanning Electron Microscopy 

3.2.1 Introduction 

The first SEM was constructed in 1938 by von Ardenne by rastering the electron 

beam of a Transmission Electron Microscope (TEM) over the surface of a sample to form 

a Scanning Transmission Electron Microscope (STEM) [3.1].  The first SEM used to 
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examine the surface of bulk specimens was described by Zworkin et al. in 1942, while 

working in the RCA Laboratories in the United States [3.2].  The initial SEM 

configuration contained many of the basic principles used in the design of today’s SEMs.  

A resolution of 50 nm was achieved with this SEM, but because the advancement was 

insignificant compared to the performance of the developing TEM, further development 

in the SEM slowed down.  In 1948, C.W. Oatley, a lecturer at the University of 

Cambridge, decided to re-investigate the SEM as a complement to the work being done 

on the TEM by V.E. Cosslett in the Physics department at Cambridge.  Over the next few 

years, Oatley and his student, Dennis McMullan, built their first SEM which by 1952 had 

reached a resolution of 50 nm [3.3].  Several graduate students followed McMullan, each 

making contributions, including improvements to the electron optics, secondary electron 

detector, image interpretation, and use of the scintillator backscatter detector [3.4-6].  A 

number of improvements have taken place in the SEM since Oatley’s first prototype 

resulting in an improvement in resolution from 50 nm down to ~0.5 nm today. 

A simple SEM column consists of an electron gun, one or two condenser lenses, 

an objective aperture, and an objective lens [3.7].  The electron gun produces a source of 

electrons and accelerates the electrons to an energy of 1-30 keV.  This occurs in a 

vacuum environment ranging from 10-4 to 10-10 Torr.  The electron lenses in the column 

are used to demagnify the image of the gun crossover and focus a final spot on the 

specimen on the order of 1 nm-1 µm with a beam current in the range of 1pA-1µA.  The 

condenser lens controls the amount of demagnification and the probe forming or 

objective lens focuses the final probe on the specimen.  A schematic of a typical SEM is 

shown in Figure 3.1. 



 26

The lens and aperture system in the column provide control of the beam through 

manipulation of the probe diameter, probe current, and convergence angle.  These three 

parameters can be controlled and used to achieve high depth-of-field, high-resolution, or 

high beam current for x-ray microanalysis.  A small convergence angle is needed for high 

depth-of-field imaging and can be obtained with a small objective aperture and/or a long 

working distance.  High resolution imaging requires a small probe size which can be 

obtained with a strong condenser lens, an objective aperture, and a short working distance.  

Finally, x-ray microanalysis may require higher beam currents which can be obtained by 

weakening the condenser lens and/or removing the objective aperture.  A more detailed 

description of the SEM system can be found in Reference [3.7]. 
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Figure 3.1 Schematic of the primary components of a SEM. 
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3.2.2 Beam-Specimen Interactions 

 The interactions between the electron beam and the specimen in a SEM are the 

source for a wide variety of signals that can be collected and used to characterize the 

sample.  The electron beam-specimen interactions are a result of elastic and inelastic 

scattering processes that occur simultaneously within the sample [3.7].  The region in 

which the electrons interact with the specimen is called the interaction volume.  The 

interaction volume can extend from a few nanometers to a few microns below the surface 

depending on the beam and sample parameters.  Elastic scattering events produce large 

angular changes in the trajectory of the beam electrons inside the sample, but result in 

little or no change to the energy of the electron, thus giving rise to the overall shape of 

the interaction volume.  Elastic scattering primarily gives rise to backscattered electrons 

(BSE).  Inelastic scattering events result in the transfer of energy from the beam electrons 

to the tightly bound inner-shell electrons and loosely bound outer-shell electrons of the 

atoms in the specimen with very little angular change in the trajectory of the beam 

electron.  During a single inelastic scattering event the beam electron can transfer an 

amount of energy ranging from less than 1 eV to the full energy carried by the beam 

electron.  Inelastic scattering limits the range of the electrons within the specimen by 

eventually reducing the electron energy to zero.  Inelastic scattering gives rise to phonons 

(lattice vibrations), plasmons (electron oscillations), auger electrons, characteristic x-rays, 

continuum x-rays, secondary electrons (SE), and electron hole pair (EHP) generation 

[3.7].  EHP generation in a material with a bandgap is the basis for the EBIC and CL 

signals and will be described in more detail in Section 3.4 and Section 3.5. 
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 The size of the interaction volume can be estimated by determining the electron 

range, or the distance traveled by the beam electrons within the specimen.  The Kanaya-

Okayama range, RKO, is a function of the mean atomic number, mean atomic weight, 

density of the specimen material, and the beam energy [3.8].  The size of the interaction 

volume can also be estimated by performing monte carlo electron trajectory simulations 

[3.7], as shown in Figure 3.2.  A bulk gallium nitride sample bombarded with a 5 keV 

electron beam perpendicular to the surface of the sample will have an interaction volume 

that extends approximately 240 nm laterally and 200 nm deep into the sample, while the 

interaction volume produced by a 30 keV electron beam will extend approximately 5.3 

µm laterally and 4.5 µm deep into the sample, as shown in Figure 3.2 (a) and (b).  The 

simulations in Figure 3.2 were performed in Electron Flight Simulator [3.9]. 
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Figure 3.2 Simulations performed in Electron Flight Simulator [3.9] of (a) bulk 
GaN with a 5 keV beam, (b) bulk GaN with a 30 keV beam and (c) a thin 100 
nm GaN sample with a 200 keV beam. 
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3.3 Scanning Transmission Electron Microscopy 

 High-resolution STEM capabilities are needed in order to overcome the SEM 

resolution limits created by the interaction volume in bulk samples.  Originally, STEM 

capabilities were achieved by using convergent-beam TEM in spot mode.  In the 

traditional TEM mode, two condenser lenses are adjusted to illuminate the specimen with 

a nearly parallel beam of electrons.  The transmitted electrons are then focused by the 

objective lens to form a real image.  Convergent-beam TEM in spot mode uses a series of 

condenser lenses to demagnify the original gun crossover to a spot on the specimen [3.10, 

11].  Scan coils can then be used to move the spot across the specimen.  A TEM with 

scanning capabilities is often referred to as a (S)TEM in the literature [3.11].  

In 1963, Crewe published the first ideas related to the development of a dedicated 

STEM instrument [3.12-14].  Vacuum Generator (VG) Microscopes, Ltd. was the first 

company to manufacture and sell dedicated STEM systems.  The VG STEM was 

configured with ‘the gun on the floor’ geometry [3.11].  VG continued to produce 

dedicated STEM systems until they closed in the mid 1990’s.  Currently, several 

manufacturers including Hitachi [3.15] and JEOL [3.16] sell dedicated STEM systems.  

The current dedicated STEM designs are configured with the electron gun at the top of 

the system [3.11], as shown in Figure 3.3.  In a dedicated STEM, the optical design is 

more closely related to a SEM than a TEM.  A source of electrons is produced by an 

electron gun and accelerated to an energy of approximately 200-400keV.  In a cold Field 

Emission STEM (FESTEM), such as the Hitachi HD-2000 dedicated STEM [3.15], the 

initial crossover is on the order of 5.0 nm.  The vacuum is capable of reaching 1.0E-8 

Pascal in the electron gun and approximately 3.0E-5 Pascal in the specimen chamber.  
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The optics system focuses the electron beam to a final spot on the sample on the order of 

0.5 nm with a beam current of approximately 1 nA [3.10]. 

While bulk specimens can be analyzed in a SEM, a thin sample on the order of 

hundreds of nanometers is used for STEM analysis.  The high energy electron beam and 

thin sample decrease the size of the interaction volume and improve the resolution.  

Figure 3.2 (c) shows the simulation of a 200 keV electron beam in a 100 nm thick 

gallium nitride sample and the beam spreading is on the order of 30 nm.  As discussed in 

Section 3.2.2, several signals, including SE, BSE, x-rays, photons, and EHPs, are 

produced from the interaction volume that is created within the thin specimen and can be 

detected and used for imaging.  In addition, the transmitted electrons can be detected with 

a high-angle annular dark field (HAADF) detector or a bright field (BF) detector.  The 

HAADF detector is an annular detector placed concentrically about the post-specimen 

optical axis.  The HAADF detector detects transmitted electrons that have been scattered 

through high angles.  The acceptance angle of the HAADF detector is typically between 

50mrad-200mrad, but can often be controlled with a projector lens.  HAADF images are 

often called ‘Z-contrast’ images because the cross section for Rutherford elastic 

scattering is proportional to Z2 [3.10, 11].  Therefore, high-Z regions of a specimen 

would scatter more electrons and have a higher intensity than low-Z regions [3.10, 11].  

The BF detector is an axial detector that is usually placed after the HAADF detector and 

detects transmitted electrons that have undergone low angles of scatter.  A schematic of a 

typical STEM is shown in Figure 3.3.   
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3.4 Electron Beam Induced Current (EBIC) 

3.4.1 Introduction 

Electron Beam Induced Current (EBIC) is an electron microscopy technique that 

can be used for the electrical characterization of semiconductor materials and devices.  

SEM-based and STEM-based EBIC can provide information on electrically active defects, 

Figure 3.3 Schematic of the primary components of a dedicated STEM. 
(Not drawn to scale). 
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diffusion of carriers, surface recombination mechanism, bulk recombination mechanism, 

trapping centers, and p-n junction position and homogeneity [3.17-20].   

In a semiconductor material, the incident electron beam generates electron hole 

pairs (EHPs) or mobile charge carriers within the interaction volume.  These charge 

carriers will diffuse, due to their high localized concentration, through the lattice until a 

recombination or trapping event occurs.  If an electric field is externally applied to the 

sample, or an internal electric field exists within the sample, the EHPs generated by the 

beam will move in response to the field (i.e. drift).  The electrons and holes will move in 

opposite directions, due to the electric field, creating a current that can be detected in an 

external circuit.  In this respect, the specimen itself is used as a charge separator.  An 

internal electric field is most commonly supplied by a p-n junction or a Schottky barrier, 

while an external electric field is provided by an applied voltage to electrical contacts on 

the device.  The microscopy techniques based on the collection of the charge carriers 

generated in the sample by an incident beam of charged particles are known as “charge 

collection microscopy” [3.17-20]. 

The first observation of charge collection phenomena in a SEM was reported by 

Everhart in 1958 when he documented that a “bombardment conductivity” takes place 

when an ionizing beam “of any sort, energetic particles or photons, serves to create 

mobile charge carriers” [3.17].  However, a distinction must be made between charge 

collection processes due to external versus internal electric fields.  If an external biasing 

source is applied to a specimen via two ohmic contacts, the increase of the conductance 

of the specimen in the region that is being bombarded can be measured as variations in 

the current between the two ohmic contacts.  In a similar manner, the variations in the 
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voltage can be measured when a constant current is supplied to the sample.  Since these 

methods rely on measuring the change in conductivity of the sample that is induced by 

the excess carriers injected by the electron or “beta ray“, they are referred to as β-

conductivity techniques [3.17, 19].  If there is no external biasing source, current will 

only flow if the specimen exhibits electron voltaic effects (i.e. internal potential 

differences).  There are bulk and barrier electron voltaic effects.  Bulk electron voltaic 

effects arise from built in electric fields due to variations in the local densities of the 

donor and acceptor impurities within the bulk of a semiconductor material.  Barrier 

electron voltaic effects arise due to built in electric fields at electrical barriers such as p-n 

junctions and Schottky barrier contacts.  The original EBIC acronym stood for Electron 

Beam Induced Conductivity and was indiscriminately applied to both barrier electron 

voltaic effect signals and β-conductivity [3.17].  The technique involving electron 

bombardment, in a SEM or a STEM, on a sample with an internal electric field due to 

barrier electron voltaic effects is commonly referred to as Electron Beam Induced Current 

(EBIC) in the literature [3.17].  The first example of the SEM-EBIC technique applied to 

a semiconductor device with a p-n junction was reported by Lander et al. at Bell 

Laboratories in 1963 [3.21].  EBIC images of crystal defects and determination of the p-n 

junction position in Si p-n junction devices were reported [3.21].   

Several different EBIC experimental setups are described by Leamy [3.20], 

although the basic operating principle remains the same.  Figure 3.4 shows two different 

EBIC geometries for the case of an internal electric field produced by a p-n junction.  In 

Figure 3.4 (a) the p-n junction is perpendicular to the surface of the sample and in Figure 

3.4 (b) the p-n junction is parallel to the surface of the sample.  In the linescan method, 
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the electron beam is parallel to the p-n junction of the device (i.e. z-direction) and is 

scanned along a line perpendicular to the junction plane (i.e. x-direction), as shown in 

Figure 3.4 (a) [3.20].  As the beam is scanned away from the junction, the EBIC signal 

will decrease due to a decrease in the carriers diffusing to the junction before 

recombination.  If an EBIC linescan is collected in low injection conditions, the tails of 

the EBIC profile can be used to extract the minority carrier diffusion length [3.20, 22].  

The surface recombination velocity can modify the minority carrier diffusion length and 

should be taken into consideration during SEM-EBIC experiments [3.20, 22].  In addition, 

the maximum of the profile identifies the p-n junction location of a device [3.20].  The 

minority carrier diffusion length and surface recombination velocity are discussed in 

more detail in Chapter 4.   

In the planar method, the electron beam is perpendicular (i.e. z-direction) to the p-

n junction of the device, as shown in Figure 3.4 (b) [3.20].  In the planar method, the 

collection efficiency of the diode is usually calculated from measured values of the 

collected current versus depth of the interaction volume.  In this case, the depth of the 

interaction volume is controlled by adjusting the accelerating voltage.  By fitting the 

experimental efficiencies with theoretical curves, the minority carrier diffusion length can 

be determined.  The linescan and planar method can also be applied to devices with an 

internal electric field produced by a Schottky barrier or devices with an external electric 

field provided by an applied voltage to electrical contacts on the device.   
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3.4.2 EBIC Theory Applied to Light Emitting Diodes 

Light Emitting Diodes (LEDs) are semiconductor devices that under appropriate 

forward biased conditions can emit radiation in the ultraviolet, visible, and infrared 

regions of the electromagnetic spectrum.  The active layer of these devices, or the layer 

that emits the light, is commonly formed by a p-n junction.  A p-n junction is formed 

when p-type and n-type material are placed in contact with each other.  For example, a p-

n junction can be formed when a semiconductor material doped with acceptors (i.e. p-

type material) and a semiconductor material doped with donors (i.e. n-type material) are 

brought together, as shown in Figure 3.5 (a).  Figure 3.5 (a) shows the fixed or immobile 
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Figure 3.4 Schematics of different EBIC geometries including the (a) 
linescan and (b) planar method for a p-n junction. (Not drawn to scale). 

Current 
Amplifier

Scanning Electron 
Beam 

Depletion Region 

(a)

x 

z 



 37

ionized donors and the free electrons in the n-type region and the fixed or immobile 

ionized acceptors and the free holes in the p-type region.  Due to the concentration 

gradient, the holes will diffuse away from the p-type material (where the concentration of 

holes is high) and towards the n-type region and recombine with the electrons or majority 

carriers.  Similarly, the electrons will diffuse away from the n-type material (where the 

concentration of electrons is high) and towards the p-type region and recombine with the 

holes or majority carriers, as shown in Figure 3.5 (b).  A space charge region or depletion 

region is formed around the metallurgical junction, as shown in Figure 3.5 (b).  Figure 

3.5 (c) shows the electron (i.e. n) and hole (i.e. p) concentrations as a function of position 

with a logarithmic vertical scale.  Although the depletion region is depleted of majority 

carriers, it does contain exposed immobile donor and acceptor ions.  The separation of 

charge created by the positive and negative immobile ions creates an internal electric 

field, E0.  This built in electric field drives the minority carriers in the direction opposite 

to that of diffusion.  Equilibrium is eventually reached when the diffusion and drift fluxes 

are balanced.  The built in electric field across the p-n junction reaches a maximum value 

at the p-n junction, and decreases linearly to zero at the edges of the depletion region, as 

shown in Figure 3.5 (d) [3.23, 24].  Figure 3.5 was adapted from Reference [3.24]. 

 As discussed in Section 3.4.1, the electron beam of a SEM or STEM is scanned 

along a line perpendicular to the junction plane in the linescan configuration, creating 

EHPs at each point.  When the beam is outside of the depletion region, the excess charge 

carriers will diffuse down the carrier concentration gradient of the device which is shown 

in Figure 3.5 (c).  Some of these carriers will recombine or become trapped in defects, 

and some will reach the depletion region. 
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Figure 3.5 (a) Schematic of a p-n junction formed by bringing together p-type 
and n-type material.  (b) The depletion region formed around the metallurgical 
junction and built-in electric field. (c) Electron and hole concentrations as a 
function of position. (d) The variation of the electric field across the p-n junction. 
This figure was adapted from Reference [3.24]. 
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The charge carriers that are created within the depletion region and those that reach the 

depletion region by diffusion will be driven by the built in electric field and create a short 

circuit that can be measured using a current amplifier.  The EBIC signal is formed by 

scanning the electron beam across the p-n junction of the device and plotting the short 

circuit current at each point.  The electrical transport of the carriers towards the p-n 

junction produces an EBIC curve with a maximum at the p-n junction position and 

decaying tails on both sides of the depletion region due to the diffusive nature of the 

electrical transport in those regions, as shown in Figure 3.6 [3.20, 25].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Typical normalized EBIC linescan with a maximum at the p-n 
junction position and decaying tails on both sides of the depletion region.  

Spatial distance from the junction (nm) 

p-type n-type

N
or

m
al

iz
ed

 E
B

IC
 

Normalized EBIC Linescan vs. Distance 



 40

3.4.3 Low Injection Conditions 

 In the SEM-EBIC experiments discussed in detail in Chapter 4, the EBIC 

linescans were collected in low injection conditions.  Low injection conditions were met 

when the generated minority carrier concentration was at least an order of magnitude less 

than the majority equilibrium concentration.  The high injection limit was taken to be the 

lowest doping level in the n-type or p-type layer of the p-n junction of the device.   

Low injection conditions can be understood if we consider an n-type 

semiconductor with an electron concentration (nno) of 5E15 cm-3 and a hole concentration 

(pno) of 5E6cm-3.  If the n-type semiconductor is uniformly illuminated with light of the 

appropriate wavelength, photogenerated EHPs will be created.  In other words, an equal 

number of electrons and holes will be created.  If we assume a weak illumination that 

only causes a 10% change in the majority carrier concentration, the concentration of 

majority carriers would increase to 5.5E15cm-3 (nno+∆n).  Remembering that an equal 

number of electrons and holes are created, the minority carrier concentration would 

increase to approximately 5.0E14cm-3 (pno+∆pn).  Therefore, although the majority carrier 

concentration only changes by 10%, the minority carrier concentration increases by a 

factor of approximately 1014.  Under low level or weak injection conditions, the 

generated minority carrier concentration is at least an order of magnitude less than the 

equilibrium majority carrier concentration created by the dopants.  Figure 3.7 was 

adapted from Reference [3.24] and shows a schematic of an n-type semiconductor when 

it is in the dark and when it is uniformly illuminated by a light source. 
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To determine if the low injection conditions are being met in the SEM or the 

STEM, we must consider the continuity equations that describe the carrier concentration 

of electrons and holes as a function of time and space.  These equations describe the drift, 

diffusion, recombination, and generation that occur in a semiconductor.  The continuity 

equation for an n-type semiconductor is given as Equation 3.1 and the continuity equation 

for a p-type semiconductor is given as Equation 3.2 [3.23]. 
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In Equations 3.1 and 3.2, Gn and Gp are the electron and hole generation rate    

(cm-3s-1), Un and Up are the electron and hole recombination rate (cm-3s-1), and Jn and Jp 

are the electron and hole current densities (A/cm2).  For the one dimensional case in a n-

type semiconductor, the total hole current density due to holes drifting and diffusing is 

given by Equation 3.3, where q is the charge of an electron (C), p is the hole 

concentration (cm-3), µp is the hole mobility (cm2/V*sec), E is the electric field (V/m), 

and Dp is the hole diffusion coefficient (cm2/sec) [3.23, 24].  A similar expression exists 

for the total electron current density due to electrons drifting and diffusing [3.23]. 

 

(3.3) 

 

Under low injection conditions, the electron recombination rate in a n-type 

semiconductor, Up, can be approximated by the expression ∆pn/τp, where ∆pn is the 

excess minority carrier concentration and τp is the hole (minority) lifetime for the bulk 

recombination process [3.23].  There is a similar expression for the electron 

recombination rate with lifetime τn.  For the one-dimensional case under low injection 

conditions, Equation 3.1 and 3.2 can be reduced to Equations 3.3 and 3.4. 
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 The continuity equations described in Equation 3.3 and Equation 3.4 can be 

solved under appropriate boundary conditions to give the time or space dependence of the 

carrier concentrations in various circumstances.  For instance, if one end of an n-type 

semiconductor is illuminated with light that is absorbed near the surface, as shown in 

Figure 3.8 (a), the hole concentration at x=0 will increase to pn(0).  The holes will diffuse 

toward the right and recombine with electrons.  At steady state, dpn/dt=0, there is a 

concentration gradient near the surface and Equation 3.3 reduces to Equation 3.5. 

 

 

           (3.5) 

 

 

The boundary conditions include pn(0)=constant value and pn(x→∞)=pno.  The solution 

for the hole concentration, pn(x), is shown in Equation 3.6, where Lp is the minority 

carrier diffusion length for holes and represents the average distance traveled by minority 

carriers before recombination.  Figure 3.8 (b) shows that the hole concentration decays 

significantly as the distance into the semiconductor material increases.  Far away from 

the injection end, the hole concentration is equal to the thermal equilibrium concentration 

of holes, pno. 
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In order to determine if low injection conditions are being maintained for the 

SEM analysis of an LED, the neutral region of the n-type semiconductor material of a p-n 

junction (i.e. outside the depletion region) must be considered.  In this region, the electric 

field is zero (E=0) and there is no change in the hole concentration as a function of 

position (dpn/dx=0).  Therefore, Equation 3.3 is reduced to Equation 3.7, where the rate 

of increase in excess minority carriers is equal to the rate of generation minus the rate of 

recombination.  A similar expression exists in the neutral region of a p-type 

semiconductor of a p-n junction [3.23]. 

 

(3.7) 

 

At steady state, dpn/dt=0, and Equation 3.7 is further reduced to Equation 3.8.  In the 

SEM experiments described in this dissertation, low injection conditions were maintained 
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Figure 3.8 (a) Illumination of one side of an n-type semiconductor.  
(b) The steady state minority carrier concentration profile.  This 
figure was taken from Reference [3.23]. 
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if the product of the generation rate and lifetime (i.e. generated minority carrier 

concentration) was at least an order of magnitude less than the equilibrium majority 

carrier concentration. 

 

           (3.8) 

 

In the SEM, the generated minority carrier concentration is the product of the 

generation rate (EHPs/second) [3.25] and the bulk minority carrier lifetime divided by the 

interaction volume [3.17, 25].  The electron trajectory simulations shown in Figure 3.2 

show that the interaction volume in bulk GaN at 5 keV and 30 keV are spherical with the 

sphere cut off at the sample surface.  Therefore, the interaction volume can be 

approximated as a sphere minus the volume of the missing portion of the sphere.  The 

details of the calculations performed to determine low injection conditions in the SEM 

are described in Appendix 1.  In order to determine low injection conditions in the STEM, 

the number of electron hole pairs generated per second and the amount of beam spreading 

that occurs in the thin sample must be calculated.  These calculations are described in 

more detail in Appendix 3.  

 

3.5 Cathodoluminescence (CL) 

3.5.1 Introduction 

 When a solid is supplied with a certain type of energy it may emit photons, or 

undergo a process called luminescence.  The luminescence process can be categorized 

according to the excitation source.  Photoluminescence is due to photon excitation, 

ppn Gp τ=∆



 46

chemiluminescence is due to energy supplied by a chemical reaction, 

thermoluminescence is due to energy supplied by heating, electroluminescence is due to 

excitation by application of an electric field, and cathodoluminescence is due to 

excitation by an electron source.  The mechanisms leading to the emission of light in a 

solid are similar for the different types of excitation sources described above and can 

provide complimentary information [3.26, 27]. 

Cathodoluminescence (CL) is a SEM-based technique that can be used for the 

characterization of semiconductor materials and devices.  SEM-based and STEM-based 

CL can provide information on the concentration and distribution of luminescent centers, 

distribution and density of electrically active defects, and electrical properties including 

minority carrier diffusion lengths and lifetimes.  Cathodoluminescence is the emission of 

light as the result of electron or “cathode-ray” bombardment.  The cathodoluminescence 

phenomenon was first reported in the middle of the 19th century during experiments on 

electrical discharges in evacuated glass tubes.  Luminescence was observed when cathode 

rays struck the glass tubes [3.26, 27].  The observation of luminescence due to cathode 

ray bombardment eventually led the British physicist, J.J. Thomson, to the discovery of 

the electron in 1897.  Today, cathododoluminescence is widely used in cathode-ray tube-

based (CRT) instruments such as oscilloscopes, televisions, and electron microscope 

fluorescent screens [3.26, 27]. 

The CL signal is generated by detecting photons, in the ultraviolet to infrared 

range, that are emitted as a result of electronic transitions between the conduction band 

and valence band, between levels (i.e. allowed electron or hole energy states) due to 

impurities and defects in the fundamental gap, or between impurity and defect levels and 
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the valence band.  The transition energies and probabilities can be affected by external 

perturbations, such as stress and electric fields. 

CL analysis performed in an electron microscope can be divided into 

spectroscopy and microscopy.  In CL spectroscopy, a spectrum is obtained in spot mode.  

In CL microscopy, luminescence images or maps of areas of interest are obtained by a 

scanning or parallel beam.  In panchromatic CL imaging the combined intensity of all CL 

wavelengths within the response of the detector are used to create the image.  In 

monochromatic CL imaging, the light is coupled into a monochromator and CL images 

can be created from a selected wavelength bandpass [3.26, 27].  Chapter 5 will describe 

the experimental setup and detection system for panchromatic CL imaging and CL spot 

mode spectroscopy. 

 

3.5.2 Luminescence Processes 

 In cathodoluminescence, the luminescence is due to an electronic transition (i.e. 

relaxation) between a higher energy state (E2) and an empty lower energy state (E1).  The 

higher energy state, E2, is the excited state caused by the electron beam excitation process.  

The energy, or the wavelength, of the emitted photon can be determined from Equation 

3.9, where h is Planck’s constant (eV*sec), υ is the frequency of the radiation (sec-1), and 

c is the speed of light (m/sec) [2.26, 27]. 

 

      (3.9) 
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The wavelength, λ (in nanometers), of a photon is related to the photon energy, E (in eV), 

by λ = hc/E ≅ 1240/E. 

 In solids, the luminescence spectra can be categorized as intrinsic or extrinsic.  

Intrinsic luminescence appears at room temperatures as a Gaussian-shaped band of 

energies.  The distribution of energies in the luminescence spectrum is due to the energy 

distribution of electrons in the conduction band and holes in the valence band.  The 

electron concentration as a function of energy in the conduction band is the product of the 

density of states (i.e. the number of states per unit energy per unit volume) and the Fermi-

Dirac function (i.e. probability of finding an electron in a state with a given energy), and 

is shown in Figure 3.9 [3.24].  The electron concentration in the conduction band as a 

function of energy is asymmetrical and has a peak at 1/2kbT above the conduction band, 

where kb is Boltzman’s constant and T is the temperature.  The hole concentration as a 

function of energy has a similar form in the valence band and is also shown in Figure 3.9.  

The carrier concentrations at the band edges are relatively small and the corresponding 

light intensity is also small.  The peak photon energy will correspond to the transition 

with the maximum electron and hole concentrations, corresponding to an energy larger 

than band edge emission.  The peak photon energy (or wavelength) of the luminescence 

spectrum are related to the distributions of electrons and holes in the conduction band and 

valence bands and therefore to the density of states in the bands [3.24].  Since intrinsic 

luminescence is due to electronic transitions between the conduction band and valence 

bands and states near the conduction band and the valence band edges, any changes in the 

band gap of the material due to changes in temperature, stress, or electric fields can be 

monitored.  Intrinsic luminescence is also referred to as fundamental or edge emission.  
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Extrinsic luminescence depends on the presence of impurities and defects within the solid 

[3.26, 27].   

 

 

 

 

 

 

 

 

 

  

 In direct band gap semiconductor materials, the minimum of the conduction band 

and the maximum of the valence band occur at the same momentum value in an energy 

versus momentum plot.  Momentum is conserved in direct band gap transitions and the 

transitions appear ‘vertical’ on energy versus momentum plots.  In these materials, the 

most likely radiative transitions are between the filled states of the conduction band 

minimum and the empty states of the valence band maximum.  If the material is an 

indirect band-gap material, the maximum of the valence band and minimum of the 

conduction band do not occur at the same momentum value, and therefore phonon 

participation is required to conserve momentum.  The recombination of electrons and 

holes results in the simultaneous emission of a photon and a phonon.  Since the 

Figure 3.9 The energy distribution of electrons in the conduction band and 
holes in the valence band. The figure was taken from Reference [3.24]. 
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probability of this process is lower than direct transitions, intrinsic emission is relatively 

weak compared to extrinsic luminescence in an indirect band gap material.  A simplified 

set of radiative transitions that lead to luminescence emission in semiconductors 

containing impurities is shown in Figure 3.10 and a description of each process follows.  

Figure 3.10 was adapted from Reference [3.26]. 

 

 

 

 

 

 

 

 

 

Process 1 produces intrinsic luminescence due to direct recombination between an 

electron in the conduction band and a hole in the valence band and results in the emission 

of a photon with energy close to that of the band gap.  The recombination may occur 

from states close to the corresponding band edges, but the thermal distribution of carriers 

typically leads to a Gaussian shaped spectrum with the peak corresponding to the 

transition with the maximum electron and hole concentrations, as discussed above [3.26, 

27].   

Process 2 is excition decay that is typically observable at lower temperatures.  An 

excition is a bound electron-hole pair and excitionic states exist just below the conduction 

EC 

EV 

1 2 3 4 5

Figure 3.10 Schematic showing the luminescence transitions between the 
conduction band (EC), valence band (EV), excition (EE), donor (ED), and 
acceptor (EA) levels in a luminescent material. This figure was adapted 
from Reference [3.26]. 

EE ED ED

EA EA 
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band.  In most III-V compounds, recombination emission of the excitonic state produces 

photons of energies approximately equal to the band gap of the semiconductor, therefore 

this process can also be considered an intrinsic process.  The intrinsic luminescence band 

is often referred to as the near-band-gap band because excitons and shallow 

recombination centers may contribute to the emission at room temperature [3.26, 27]. 

Process 3, 4, and 5 correspond to transitions that start or finish on localized states 

of impurities within the band gap, such as donors or acceptors.  These transitions produce 

extrinsic luminescence.  Transitions between deep donor and deep acceptor levels can 

lead to emission with photon energies significantly below the band gap.  Shallow donor 

or acceptor levels can be very close to the conduction band and valence bands.  For 

example, silicon is a shallow donor in gallium nitride located approximately 20 meV 

below the conduction band [3.28].  Transitions that occur between a shallow donor and 

acceptor states or between donor and acceptor states and the conduction band or valence 

bands may be difficult to distinguish from intrinsic luminescence.  In these cases, CL 

measurements can be performed at cryogenic temperatures using liquid nitrogen or liquid 

helium as a cryogen.  CL spectra can be sharpened into lines and series of lines 

corresponding to transitions between well defined energy levels due to a reduction in the 

thermal excitation of carriers.  There is also an increase in the CL intensity as the 

temperature is lowered because radiative recombination becomes more favored as 

compared to the competing non-radiative recombination.  An additional advantage of 

performing CL at cryogenic temperatures is the reduction of electron bombardment 

damage [3.26, 27]. 
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4 SEM-EBIC EXPERIMENTS AND RESULTS 

4.1 Introduction 

Electron Beam Induced Current (EBIC) is an electron microscopy technique that 

can provide information on the electrical properties of semiconductor materials and 

devices.  A Scanning Electron Microscopy (SEM)-EBIC system was designed, developed 

and implemented utilizing a Hitachi S-3200N SEM [4.1] and the minority carrier 

diffusion lengths of electrons and holes were measured in a gallium nitride (GaN)-based 

Light Emitting Diode (LED) using the SEM-EBIC technique in a line scan configuration.  

A theoretical model with an extended generation source and a nonzero surface 

recombination velocity was used to extract the diffusion length of the p-type and n-type 

layers.  A minority carrier diffusion length of Ln=(80±6) nm for electrons in the p-type 

GaN layer, Lp=(70±4) nm for holes in the n-type GaN: Si, Zn active layer, and Ln=(54±4) 

nm for electrons in the p-type Al0.1Ga0.9N layer were determined.  The results from this 

model are compared with two simpler and widely used theoretical models.  Finally, a 

SEM-EBIC system was designed, developed and implemented utilizing a JEOL 6400 

Field Emission SEM (FESEM) [4.2] and the effects of surface recombination and 

interaction volume on the minority carrier diffusion length were examined. 

 

4.2 Minority Carrier Diffusion Length 

In a semiconductor material under observation in a SEM, the incident electron 

beam generates electron hole pairs (EHPs) or mobile charge carriers within the 

interaction volume.  These charge carriers will diffuse, due to their high localized 
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concentration, through the lattice until a recombination or trapping event occurs.  If an 

electron in a p-type semiconductor material is considered, the mean time the electron 

exists before recombination occurs is referred to as the minority carrier lifetime.  The 

mean distance an electron in the p-type material will travel before recombination occurs 

is referred to as the minority carrier diffusion length.  In an analogous situation, a hole in 

an n-type semiconductor material will also have an associated minority carrier lifetime 

and minority carrier diffusion length [4.3, 4]. 

The minority carrier lifetime is given by Equation 4.1, where σ is the capture 

cross-section (cm2) and can be defined for electrons or holes, υth is the carrier thermal 

velocity (cm/sec), and Nt is the trap density (cm-3).  Dimensional analysis reveals that the 

minority carrier lifetime has units of time (sec). 

 

     (4.1)  

 

The minority carrier diffusion length is related to the minority carrier lifetime 

through Equation 4.2, where D is the diffusion coefficient (cm2/sec), τ is the minority 

carrier lifetime (sec), and L is the minority carrier diffusion length (cm) [4.3, 4]. 

      

 (4.2) 

 

The diffusion coefficient is a measure of how easily the diffusing charge carriers 

move in the material and can be defined for electrons (Dn) and holes (Dh).  The diffusion 

coefficient and the mobility are related through the Einstein relation shown in Equation 

τ∗= DL

tth Nσν
τ 1
=
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4.3, where µ is the mobility (cm2/V*sec), k is the Boltzmann constant (J/K), T is the 

temperature (K), q is the electron charge (1.602E-19 C), and D is the diffusion coefficient 

(cm2/sec) [4.3-5]. 

         

       (4.3) 

 

 

Knowledge and control of the minority carrier diffusion length is essential for the 

successful design of semiconductor devices.  The diffusion length is a physical parameter 

that directly affects the electrical and optical properties of a device.  This value is 

generally understood as a material property of the layers within a device.  However, the 

diffusion length depends not only on the crystalline quality of the layers, but also on the 

doping levels and the minority carrier injection levels.  Therefore, the diffusion length 

value is highly sensitive to device processing and measurement conditions. 

 

4.3 Surface Recombination Velocity 

Surface recombination is the recombination of free charge carriers in a 

semiconductor via electrically active defects at its surface.  The surface recombination 

velocity is the rate of surface recombination and is higher in the case of highly defective 

semiconductor surfaces.  The surface recombination velocity is given by Equation 4.4, 

where σ is the capture cross-section (cm2) and can be defined for electrons or holes, υth is 

the carrier thermal velocity (cm/sec), and Nst is the number of surface trapping centers 

per unit area at the boundary region (cm-2) [4.4].  The surface recombination velocity is 

q
kTD

=
µ
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analogous to the reciprocal of the minority carrier lifetime (1/τ) given in Equation 4.1 

except that the number of traps corresponds to a surface density instead of a bulk density.  

Dimensional analysis reveals that the surface recombination velocity has units of 

cm/second. 

 

      (4.4) 

 

 

4.4 Extracting Minority Carrier Diffusion Length 

As described in Section 3.4.1 of Chapter 3, there are several different 

experimental setups used in the EBIC technique, including the linescan method and the 

planar method.  Both of these experimental setups can be applied to a device with an 

internal electric field created by a p-n junction or a Schottky barrier or a device with an 

external electric field provided by an applied voltage to electrical contacts on the device.   

For the SEM-EBIC linescan technique, several theoretical models have been used 

to extract the diffusion length by fitting the theoretical expression to the EBIC line scan 

data.  Van Roosbroeck [4.8] and Bresse [4.9] proposed the first and most widely used 

expression from the solution of the diffusion problem for a point source of minority 

carriers and zero recombination velocity in a semi-infinite sample.  The equation 

concerning the induced current generated by an electron beam and collected within the 

depletion layer for a junction parallel to the beam axis, is of the form: 

 

          

stthS NV σν=
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        (4.5) 

 

where x is the position of the incident electron beam with respect to the p-n junction, and 

L is the minority carrier diffusion length. 

Guermazi et al. [4.10] have proposed another expression for the same setup where 

the collected current within the depletion layer is of the form:     

         

       (4.6) 

  

In this work, the expression proposed by Donolato for the normalized EBIC line 

scan is used [4.11].  This model was chosen because of the more realistic interpretation of 

the minority carrier excitation and transport process.  The model takes into account the 

three dimensional generation source as well as the nonzero surface recombination 

velocity.  Since the transport of the minority carriers can be considered purely diffusive 

only if they are generated in the neutral region (i.e. outside of the depletion region), the 

generation volume must lie at a distance from the depletion layer that is greater than the 

lateral extension of the generation volume.  Therefore, this model is only valid at a 

distance greater than RKO/2 from either side of the depletion layer, where RKO is the 

Kanaya-Okayama electron range [4.12].  From this model the collected current within the 

depletion layer is of the form shown in Expression 4.7. 
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  (4.7)

               

with, 

  

 

In Expression 4.7, L is the diffusion length, R is the electron range, k is the wavenumber, 

D is the minority carrier diffusion coefficient, Vs is the surface recombination velocity 

and I(0,z) is the maximum EBIC collected at the junction.  Fitting the theoretical model 

to the EBIC data, the minority carrier diffusion length, L, and the ratio (s) of the surface 

recombination velocity, Vs, to the minority carrier diffusion coefficient, D, are extracted.   

 

4.5 Minority Carrier Diffusion Length in GaN from the Literature 

In the past few years, several authors have reported different values of the 

diffusion length in bulk n-type and p-type GaN layers, ranging from 50 nm to 3.4 µm 

[4.13-23].  A variety of methods for extracting the minority carrier diffusion length were 

used in these studies including cathodoluminescence, photoluminescence, theoretical 

modeling of spectral response curves, SEM-EBIC on planar Schottky diodes, and SEM-

EBIC in a linescan configuration.  Bandic et. al performed SEM-EBIC in the linescan 

configuration on Schottky diodes on undoped 1-3 µm thick GaN [4.16].  A simple 

exponential model similar to Expression 4.4 was applied to the EBIC linescans and a 

small surface recombination was assumed.  An average minority carrier diffusion length 
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of 0.28 µm was found.  Miyajima et al. estimated the minority carrier diffusion length in 

a GaN p-n junction diode using SEM-EBIC in a linescan configuration [4.18].  The Si 

doped n-type layer and Mg doped p-type layer were both 1.6 µm thick.  A simple 

exponential model similar to Expression 4.4 was used to fit the EBIC linescans and the 

minority carrier diffusion length of both p-type and n-type GaN was estimated to be 0.9 

µm.  Polyakov et al. estimated the minority carrier diffusion length on Schottky diodes on 

undoped 3 µm and 20 µm GaN films [4.23].  A simple exponential model was applied to 

the EBIC linescans and the surface recombination was not mentioned.  The estimated 

minority carrier diffusion length values were approximately 2-3 µm for both samples. 

In this work, the diffusion length of the minority carriers, holes and electrons, in a 

fully processed GaN-based LED using the SEM-EBIC method in a linescan configuration 

were determined. 

 

4.6 Samples used in SEM-EBIC Experiments 

The device used in the study was a modified Cree, Inc. GaN-based single 

heterostructure LED with Part No. C430-CB290-E1000 [4.24].  The only modification 

was the active layer thickness as compared to the commercially processed LED.  The 

active layer (i.e. GaN layer co-doped with Si and Zn) thickness was 0.6 µm larger than 

the typical commercial version of this device for the purpose of improving the accuracy 

of the EBIC measurements.  A schematic of the general structure is shown in Figure 4.1 

and a secondary electron image taken with a JEOL 6400 FESEM is shown in Figure 4.2.  

The structure was grown by metal-organic chemical-vapor deposition (MOCVD) on a 

(0001) SiC substrate.  A 0.6 µm-thick AlxGa1-xN conductive buffer layer was grown on 
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the SiC substrate followed by a 0.7 µm GaN: Si layer.  These layers were followed by a 

1.0 µm thick n-type active layer of GaN co-doped with Si and Zn.  Then, a 0.15 µm-thick 

p-type Al0.1Ga0.9N: Mg layer was grown.  Finally, a 0.3 µm-thick p-type GaN contact 

layer was grown.  The doping level in the 1.0 µm GaN: Si, Zn layer was approximately 

3E18 cm-3 and the doping level in the 0.15 µm AlGaN: Mg layer was approximately 

3E19 cm-3.  Bottom and top ohmic contacts were deposited on the SiC substrate and p-

type GaN layer, respectively, to form a vertical structure.  The LED device was mounted 

unpackaged on a transistor outline (TO) header for the EBIC measurements, as shown in 

Figure 4.3.  The cleaved portion of the wafer sat on the sawed edge of the TO header to 

facilitate the linescan EBIC measurements.  No additional sample preparation was 

necessary for these experiments.  The modified version of the commercial GaN-based 

LED has a typical output power of 1.15 mW when operated at 20 mA, with a full width at 

half maximum broadband emission of 60 nm centered at 430 nm. 

The depletion region thickness, W, of the device was calculated from the donor 

and acceptor concentrations and the built-in potential, as shown in Equation 4.8 [4.3].  In 

Equation 4.8, Vo is the built-in potential, ε =εoεr is the permittivity of medium (where εo 

and εr are the absolute permittivity and relative permittivity of the semiconductor material, 

respectively) Na is the acceptor concentration, and Nd is the donor concentration. 
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The built-in potential was 3.4 volts and the donor and acceptor concentrations were taken 

as 1.0E18 cm-3 and 1.0E-20 cm-3, respectively.  Therefore, the depletion region thickness 

was found to be approximately 35 nm under no bias.  
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 GaN: Mg 0.3µm 

Al0.1Ga0.9N: Mg 0.15µm 

GaN: Si, Zn 1.0µm 

GaN: Si 0.7µm 

SiC substrate 

Figure 4.1 General structure of the modified commercial GaN-based Light Emitting 
Diode used in the SEM-EBIC experiments. (Not drawn to scale). 

Conductive Buffer Layer 0.6µm 

Figure 4.2 SE image of the cross-section of a LED taken with a JEOL 6400 
FESEM [4.2] using a beam energy of 5 keV. 
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4.7 Experimental Setup  

The EBIC measurements were performed at room temperature in a Hitachi S-

3200N SEM [4.1] using a GW Electronics Type 31 Specimen Current Amplifier [4.25], 

as shown in Figure 4.4.  A custom sample holder was designed to position the cleaved 

edge of the sample perpendicular to the electron beam and connect the legs of the TO 

header to the specimen current feedthrough with gold wires, as shown in Figure 4.5 and 

Figure 4.6.  After the sample was mounted in the SEM and under vacuum, a curve tracer 

was used to collect a current versus voltage (I-V) curve and confirm the electrical 

integrity of the LED.  An I-V curve from one LED inside the Hitachi S-3200N is shown 

in Figure 4.7.  All SEM-EBIC experiments were performed at an accelerating voltage of 

5 keV and a beam current of 0.1 nA.  The Kanaya-Okayama (KO) electron range [4.26], 

RKO, corresponding to an acceleration voltage of 5 keV is approximately 210 nm in GaN. 

 

Figure 4.3 The as-received samples were approximately 1 mm2 square pieces cleaved 
from the wafer and mounted unpackaged on the edge of a TO header. 

TO Header 

Au wire
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Figure 4.4 Hitachi S-3200N SEM used in the SEM-EBIC experiments [4.1]. 

GW Specimen 
Current Amplifier 

Figure 4.5 Sample mounted inside of the Hitachi S-3200N SEM [4.1]. 
Note the Au wires connected to the legs of the TO header.
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LED mounted on 
TO header in 
sample holder 
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Figure 4.6 Image from the GW Electronics IR Chamberscope [4.25] of the SEM-
EBIC sample mounted inside of the Hitachi S-3200N SEM.
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Figure 4.7 I-V curve of one LED sample mounted in the  SEM-
EBIC holder in the Hitachi S-3200N SEM. The maximum current 
on the y-axis was 20 mA. 
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The line scan configuration was used in the SEM-EBIC experiments, as described 

in Section 3.4.1 of Chapter 3.  Therefore, the electron beam was parallel to the p-n 

junction (i.e. z-direction) and the beam was scanned across the junction on the cleaved 

surface of the device (i.e. y-direction), as shown in Figure 4.6. 

In order to extract the minority carrier diffusion length from the EBIC linescans, 

the SEM-EBIC experiments had to be performed in low injection conditions.  Low 

injection conditions are described in Section 3.4.3 of Chapter 3 and the calculations are 

shown in Appendix A1.  The high injection limit was taken as the doping level in the Si 

and Zn co-doped layer of the device (i.e. 1E18 carriers/cm3).  A plot of the generated 

minority carrier concentration in GaN as a function of beam current is shown in Figure 

4.8.  A beam voltage of 5 keV with a beam current of 0.1 nA were chosen to maintain 

low injection conditions.  At these beam parameters the generated minority carrier 

concentration is over an order of magnitude less than the high injection limit.  

 

 

 

 

 

 

 

 

 

 Figure 4.8 Generated Minority Carrier Concentration vs. Beam Current for various 
beam voltages in bulk GaN.  The high injection limit is labeled as 1.0E18 cm3. 
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4.8 Results 

4.8.1 Extracting the Minority Carrier Diffusion Length 

Figure 4.9 (a) shows a typical EBIC linescan overlaid on a secondary electron 

image of the cross-section of a GaN-based LED.  The SiC substrate, GaN-based layers 

and gold bond pad are visible in the secondary electron image.  Figure 4.9 (b) is an EBIC 

image or a series of EBIC linescans collected from the same area of the device at a higher 

magnification.  In the EBIC linescan and image, the position along the scan where the 

maximum EBIC signal was measured corresponds to the p-n junction of the device. 

The minority carrier diffusion lengths were determined from a mean EBIC profile 

that was obtained by averaging 300 linescans from the EBIC image.  Figure 4.10 shows 

the mean EBIC profile obtained from the EBIC image shown in Figure 4.9 (b).  The 

diffusion lengths in the three layers were extracted by fitting the Donolato model, 

Expression 4.7, to the mean EBIC profile.  The theoretical fit to the experimental mean 

EBIC profile is shown by lines (solid and dashed) in Figure 4.10.  The 35 nm depletion 

width is also labeled on Figure 4.10.  The change in the slope in the left side of the EBIC 

curve indicates different values of the electron diffusion length in the Al0.1Ga0.9N and 

GaN p-layers.  A value of Ln = (80±6) nm for the p-type GaN layer, Lp = (70±4) nm for 

the n-type GaN: Si, Zn active layer and Ln = (55±4) nm for the p-type Al0.1Ga0.9N layer 

were obtained.  An example of applying the Donoalto model to SEM-EBIC data is shown 

in Appendix A2. 
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Figure 4.9 (a) An EBIC linescan overlaid on a secondary electron image 
of the cross-section of a GaN-based LED. (b) An EBIC image of same 
area of the device collected at a higher magnification. 
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Table 4.1 shows a summary of the minority carrier diffusion lengths found using 

the Donolato model for the n-type GaN: Si, Zn active layer, the p-type Al0.1Ga0.9N layer, 

and the p-type GaN layer in eight additional and separate fully processed devices from 

the same wafer.  The mean values of the minority carrier diffusion length of each layer 

and the range are also shown in Table 4.1.  The sample described above and shown in 

Figure 4.9 and 4.10 is listed as Sample 1 in Table 4.1   

A value of s = 0 cm-1 was extracted for all three layers in all nine devices using 

the Donolato model.  As discussed in Section 4.4, s is the ratio of the surface 

recombination velocity (cm/sec) to the diffusion coefficient (cm2/sec).  Therefore, 

multiplying the non-zero diffusion coefficient by zero gives a surface recombination 
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Figure 4.10 Mean EBIC linescan (circles) obtained from one EBIC 
image. The lines (solid and dashed) are the fitting to the experimental 
data using the Donolato model.  
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velocity of zero (Vs=0 cm/sec).  The polymerization of the hydrocarbon layer produced 

during the scanning of the electron beam may have caused passivation of the surface 

states of the LED [4.27].  Passivation of the surface ensures electrical stability of the 

surface by removing the defect states from the band gap. 

 

 

 

 

 

4.8.2 Comparison of Models 

Sample 1 from Table 4.1 is used to compare the value of the minority carrier 

diffusion length extracted from the Donolato expression to the two simple models 

described in Section 4.3.  The values of the diffusion length in each layer of the device 

obtained by fitting the mean EBIC linescan to Expressions 4.5, 4.6, and 4.7 are 

summarized in Table 4.2.  The table shows that the differences in the diffusion length 

value can be as high as 400% using different physical models.  This disagreement could 

be even larger in samples where the surface recombination plays an important role in the 

Sample 
No. 

Lp (nm) 
GaN (Si, Zn): n-type

Ln (nm) 
GaN (Mg): p-type 

Ln (nm) 
Al0.1Ga0.9N: p-type 

1 70 80 55 
2 50 48 33 
3 89 88 75 
4 75 120 73 
5 50 65 35 
6 89 60 55 
7 63 45 42 
8 67 55 49 
9 95 68 65 

Mean Value 72±23 70±37 54±21 

Table 4.1 The extracted minority carrier diffusion lengths in each layer of nine 
separate GaN-based LEDs using the Donolato model.  The mean value and range are 
also included. 
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electrical transport of the minority carriers.  Moreover, these discrepancies could help to 

explain the dispersion of the diffusion length values found in the literature for GaN and 

related materials [4.13-23].  The use of more realistic models which take into account the 

extended generation source of the minority carriers as well as the surface recombination 

velocity are necessary for interpretation of the EBIC profiles and determination of the 

value of the minority carrier diffusion length.  This is especially true in materials such as 

GaN where the relative errors become more important due to the small diffusion length 

values. 

 

 

 

 

 

 

4.8.3 Influence of Surface Recombination and Interaction Volume 

As discussed in Section 4.8.1, a negligible surface recombination was found for 

all nine devices for which minority carrier diffusion lengths were determined using the 

Donolato model.  FESEM-EBIC measurements were performed to study the influence of 

surface recombination and interaction volume on the minority carrier diffusion length of 

one of the nine devices described in Section 4.8.1.  The EBIC measurements were 

performed at room temperature in a JEOL 6400 FESEM [4.2] using a GW Electronics 

Type 31 Specimen Current Amplifier [4.25], as shown in Figure 4.11.  The beam voltage 

Model Lp 
GaN:Si,Zn 

Ln 
GaN:Mg 

Ln 
Al0.1Ga0.9N 

Donolato [4.11] 70 nm 80 nm 55 nm 
Van Roosbroeck [4.8] 75 nm 114 nm 76 nm 
Guermazi et al. [4.10] 250 nm 99 nm 120 nm 

Table 4.2 Comparison of the extracted minority carrier diffusion length in 
each layer of one GaN-based LED using the three different models. 
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was varied between 3 keV and 10 keV in increments of 1 keV and EBIC images were 

collected at each beam voltage.  An example of one EBIC image collected at 10 keV is 

shown in Figure 4.12.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 The JEOL 6400 Field Emission SEM [4.2]. 

GW Specimen 
Current Amplifier

Figure 4.12 EBIC image obtained in the JEOL 6400 FESEM at 10 keV. 
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The hole minority carrier diffusion length in the 1.0 µm n-type GaN layer of the 

active zone of one device was extracted by fitting the simple model in Expression 4.5, 

EBIC(x) ∝ e-x/L, to the mean EBIC line scan obtained by averaging 300 lines in the EBIC 

image.  The EBIC linescans at various beam voltages are shown in Figure 4.13.  Beam 

voltages below 3 keV were not used because low injections could not be achieved.  Beam 

voltages above 10 keV were not used because the size of the interaction volume was 

larger than the size of the n-type GaN layer (1 µm) being analyzed.  The various beam 

voltages, RKO values [4.12], beam currents, and extracted minority carrier diffusion 

lengths are shown in Table 4.3. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 Normalized mean EBIC linescans vs. position collected between 3 
keV to 10 keV. 
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The calculated hole minority carrier diffusion length determined using the 

simplistic model described in Expression 4.5 as a function of the beam energy is shown 

in Figure 4.14.  At low beam voltages of 3 keV and 4 keV, the effective calculated 

minority carrier diffusion length is smaller than the actual value due to the effects of 

surface recombination.  At higher beam voltages of 7 keV through 10 keV, the surface 

recombination is decreased, but the increasing interaction volume decreases the 

resolution of the technique and produces an effective larger calculated minority carrier 

diffusion length.  At 5 keV and 6 keV, the effects of surface recombination are 

minimized and the size of the interaction is kept sufficiently small that it does not 

decrease the resolution of the EBIC technique significantly. 

 

Beam Voltage 
(keV) 

RKO 
(nm) 

Beam Current 
(pA) 

Minority Carrier 
Diffusion Length (nm) 

3 90.1 18.5 44.2 
4 145.7 27.0 63.7 
5 211.5 29.0 72.5 
6 286.8 29.2 74.6 
7 371.0 35.0 87.0 
8 463.7 43.2 102.0 
9 564.5 44.5 111.1 
10 673.1 47.0 135.1 

Table 4.3 The various beam voltages, RKO values, and beam currents used in the 
FESEM-EBIC experiments as well as the extracted minority carrier diffusion lengths.
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4.9 Discussion 

Minority carrier diffusion length measurements were made on a GaN-based LED 

using SEM-EBIC in a line scan configuration.  An EBIC image consisting of 300 

linescans was used to obtain an average EBIC profile for the device.  The Donolato 

model was used to extract the diffusion length of the p-type and n-type layers.  As 

discussed in Section 4.8.1, a minority carrier diffusion length of Ln=(80±6) nm for 

electrons in the p-type GaN layer, Lp=(70±4) nm for holes in the n-type GaN: Si, Zn 

active layer, and Ln=(54±4) nm for electrons in the p-type Al0.1Ga0.9N layer were 

determined for one particular device.  

The results from this model were compared with two simpler and widely used 

theoretical models and differences in the calculated minority carrier diffusion length 

Figure 4.14 The hole minority carrier diffusion length in one layer of the 
GaN-based LED as a function of the beam energy. 
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values of up to 400% were determined.  The discrepancies in the minority carrier 

diffusion length values found with the different models could help to explain the wide 

range of values found for GaN in the literature [4.13-23].  Although the surface 

recombination velocity was found to be negligible in the devices used in this study, the 

surface recombination velocity was not always taken into consideration in the results 

found in the literature [4.23]. 

The FESEM-EBIC studies showed the influence of the surface recombination 

velocity as well as the influence of the interaction volume on the calculated minority 

carrier diffusion length.  At smaller accelerating voltages, surface recombination effects 

became significant while at larger accelerating voltages, interaction volume effects 

became significant. 

The use of more realistic models which take into account the extended generation 

source of the minority carriers as well as the surface recombination velocity are necessary 

for a realistic interpretation of the EBIC profiles and determination of the value of the 

minority carrier diffusion length.  This is especially true in materials like GaN where the 

relative errors become more important due to the small diffusion length values. 

 

   

 

 

 

 

 



 77

4.10 References  

[4.1] Hitachi High Technologies Americas, Inc., http://www.hitachi-hta.com, 
Schaumburg, IL. 

[4.2] JEOL, Inc., http://www.jeol.com, Peabody, MA. 

[4.3] S.O. Kasap: Principles of Electronic Materials and Devices, 2nd edition (McGraw-
Hill, New York 2002). 

[4.4]  S.M. Sze: Physics of Semiconductor Devices (John Wiley & Sons, New York 
1981). 

[4.5] R.E. Hummel: Electronic Properties of Materials, (Springer, New York 2001), 3rd 
edition.  

[4.6] H.J. Leamy, ‘Charge Collection Scanning Electron Microscopy’, J. Appl. Phys. 
Vol. 53, No. 6, (1982) p. R51-R80. 

[4.7] D.E. Newbury, D.C. Joy, P. Echlin, C. E. Fiori, and J.I. Goldstein: Advanced 
Scanning Electron Microscopy and X-Ray Microanalysis, 2nd edition (Plenum Press, New 
York 1992). 

[4.8] W. Van Roosbroeck, ‘Injected Current Carrier Transport in a Semi-Infinite 
Semiconductor and the Determination of Lifetimes and Surface Recombination 
Velocities’, J. Appl. Phys., Vol. 26, No. 4 (1955) p. 380-391. 

[4.9] J.F. Bresse, ‘Courant Induit (E.B.I.C.) et Contraste de Potentiel dans Les Dispositifs 
Semiconducteurs’, J. Microsc. Spectrosc. Electron, Vol. 6 (1981) p. 17-36. 

[4.10] S. Guermazi, A. Toureille, C. Grill, and B. El Jani, ‘Extended generation profile – 
E.B.I.C. model application in the case of a PN junction’, Eur. Phys. J. AP, Vol. 9 (2000) 
p. 43-49. 

[4.11] C. Donolato, ‘On the Analysis of Diffusion Length Measurements by SEM’, Solid 
State Electronics, Vol. 25, No. 11 (1982) p. 1077-1081. 

[4.12] J J.I. Goldestein, D.E. Newbury, P. Echlin, D.C. Joy, C.E. Lyman, and E. Lifshin, 
L. Sawyer and J.R. Michael: Scanning Electron Microscopy and X-Ray Microanalysis, 
3rd edition, (Plenum Press, New York 2003). 

[4.13] X. Zhang, P. Kung, D. Walker, J. Piotowski, A. Rogalski, A. Saxler and M. 
Razeghi, ‘Photovoltaic effects in GaN structures with p-n junctions’, Appl. Phys. Lett., 
Vol. 67, No. 14 (1995) p. 2028-2030. 

[4.14] J.Y. Duboz, F. Binet, D. dofi, N. Laurent, F. Scholz, J. Off, A. Sohmer, O. Briot, 
and B. Gil, ‘Diffusion length of photoexcited carriers in GaN’, Mat. Sci. and Eng. B, B50 
(1997) p. 289-295. 

[4.15] L. Chernyak, A. Osinsky, H. Temkin, J.W. Yang, Q. Chen, and M. Asif Khan, 
‘Electron beam induced current measurements of minority carrier diffusion length in 
gallium nitride’, Appl. Phys. Lett., Vol. 69, No. 17 (1996) p. 2531-2533. 



 78

[4.16] Z.Z. Bandic, P.M. Bridger, E.C. Piquette, and T.C. McGill, ‘Minority Carrier 
Diffusion Length and Lifetime in GaN’, Appl. Phys. Lett., Vol. 72, No. 24 (1998) p. 
3166-3168. 

[4.17] Z.Z. Bandic, P.M. Bridger, E.C. Piquette, and T.C. McGill, ‘Electron Diffusion 
Length and Lifetime in p-type GaN’, Appl. Phys. Lett., Vol. 73, No. 22 (1998) p. 3276-
3278. 

[4.18] T. Miyajima, M. Ozawa, t. Asatsuma, H. Kawai, and M. Ikeda, ‘Minority Carrier 
Diffusion length in GaN and ZnSe’, J. Crystal Growth., Vol. 189-190 (1998) p. 768-772. 

[4.19] S.J. Rosner, E.C. Carr, M.J. Ludowise, G. Girolami, and H. I. Erikson, 
‘Correlation of cathodoluminescence inhomogeneity with cirrosctructural defects in 
epitaxial GaN grown by metalorganic chemical-vapor deposition’, Appl. Phys. Lett., Vol. 
70, No. 4 (1997) p. 420-422. 

[4.20] T. Sugahara, H. Sato, M. Maosheng, Y. Naoi, S. Kurai, S. Tottori, K. Yamashita, 
K. Nishino, L. T. Romano, and S. Sakai, ‘Direct Evidence that Dislocations are Non-
Radiative Recombination Centers in GaN’, Jpn, J. Appl. Phys., Vol.  37 (1998) p. L398-
L400. 

[4.21] L. Chernyak, A. Osinsky, V. Fuflyigin, and E.F. Schubert, ‘Electron beam-
induced increase of electron diffusion length in p-type GaN and AlGaN/GaN 
superlattices’, Appl. Phys. Lett., Vol. 77, No. 6 (2000) p. 875-877. 

[4.22] L. Chernyak, A. Osinsky, G. Nootz, A. Schulte, J. Jasinski, M. Benamara, Z. 
Liliental-Weber, D.C. Look, and R.J. Molnar, ‘Electron beam and optical depth profiling 
of quasibulk GaN’, Appl. Phys. Lett., Vol. 77, No.17 (2000) p. 2695-2697. 

[4.23] A.Y. Polyakov, N.B. Smirnov, A.V. Govorkov, A.P. Zhang, F. Ren, S.J. Pearton, 
J.-I. Chyi, T.-E. Nee, C.-M. Lee, and C.-C. Chuo, ‘Spatial Distribution of electrical 
properties in GaN p-i-n rectifiers’, Solid State Electronics, 44 (2000) p. 1591-1595. 

[4.24] Cree, Inc. http://www.cree.com, Durham, NC. 

[4.25] GW Electronics, Inc., http://gwelectronics.com, Norcross, GA. 

[4.26] K. Kanaya and S. Okayama, ‘Penetration and energy-loss theory of electrons in 
solid targets’, J. Phys. D.: Appl. Phys., Vol. 5, Issue 1, (1972) p. 43-58. 

[4.27] Ed. J.T.L. Thong: Electron Beam Testing Technology (Plenum Press, New York 
1993). 
 

 

 

 



 79

5 SEM-CL EXPERIMENTS AND RESULTS 

5.1 Introduction 

Cathodoluminescence (CL) is an electron microscopy technique that can provide 

information on the optical and electrical properties of semiconductor materials and 

devices.  In this work, a Scanning Electron Microscopy (SEM)-based CL system with 

polychromatic spectroscopic and panchromatic imaging capabilities was designed, 

developed and implemented utilizing a Hitachi S-3200N SEM [5.1] for the 

characterization of indium gallium nitride (InGaN)-based quantum well (QW) Light 

Emitting Diodes (LEDs). 

The emission mechanisms in InGaN-based QW devices are not well understood 

and the literature reports observations and arguments for two different radiative 

recombination mechanisms.  One is based on piezoelectric fields in the InxGa1-xN layers 

[5.2-19] and the second is based on spatial indium fluctuations across the InxGa1-xN 

layers [5.20-47].  Several groups believe that a combination of the piezoelectric fields 

and the spatial indium concentration fluctuations are responsible for the radiative 

emission in InGaN-based devices [5.48-55].  In this work, SEM-CL experiments were 

used to examine both emission mechanisms in commercial Cree, Inc. InGaN-based 

Multiple Quantum Well (MQW) X-Bright blue and green LEDs. 

 

5.1.1 Determination of Piezoelectric Effect 

The existence of piezoelectric fields in InxGa1-xN/GaN QW optoelectronic devices 

has attracted a lot of interest due to the influence of these fields on the optical and 

electrical properties of the devices.  The piezoelectric fields modify the band structure 
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and affect the optical and electrical properties of the devices.  The investigation of the 

existence, direction, and magnitude of piezoelectric fields in InGaN-based QW devices is 

significant for further improvement of device design, engineering, and performance.  

Details of the piezoelectric effect in InGaN-based devices are discussed in Chapter 2. 

In several reports, the piezoelectric field in single quantum well (SQW) and 

multiple quantum well (MQW) structures grown in the [0001] direction have been 

studied with the photoluminescence (PL) technique [5.5-15].  A variety of groups have 

used biased PL experiments to determine the direction and magnitude of the piezoelectric 

fields in InxGa1-xN QWs by canceling the piezoelectric field with an applied bias field 

[5.1-10].  Takeuchi et al. identified a piezoelectric field pointing from the growth surface 

to the substrate in strained In0.16Ga0.84N/GaN samples grown on sapphire with five 3 nm 

quantum wells [5.2].  The room temperature PL peak showed a blueshift of 

approximately 18 meV when increasing the reverse bias from 0 to 4 volts.  The 

piezoelectric field was estimated by comparing the experimental PL peaks to calculations 

and was found to be approximately 1.2 MV/cm [5.3].  Chichibu et al. identified a 

piezoelectric field pointing from the growth surface to the substrate in a 2.5 nm 

In0.28Ga0.75N SQW LED [5.2].  The room temperature PL peak showed a blueshift of 

approximately 110 meV when increasing the reverse bias from 0 to 10 volts.  A 

theoretical model was fit to the PL peak energy shifts and the piezoelectric field was 

determined to be approximately 1.4 MV/cm [5.2].  Jho et al. identified a piezoelectric 

field pointing from the growth surface to the substrate in an In0.15Ga0.85N/GaN MQW 

LED with five 2.2 nm QWs [5.6].  The room temperature PL peak showed a blueshift of 

approximately 150 meV when increasing the reverse bias from 0 to 16 volts.  Between 16 
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and 22 volts, a redshift of approximately 10 meV was observed indicating a complete 

compensation of the piezoelectric field.  The experimental data was plotted as PL peak 

energy versus applied voltage and a theoretical curve was fit using the piezoelectric field 

as a fitting parameter.  A value of approximately 2.1±0.2 MV/cm was determined for the 

piezoelectric field.  Following an extensive literature review, the work by Jho et al. is the 

only study where a complete compensation of the piezoelectric field was observed before 

the PL intensity decreased dramatically [5.6]. 

Other groups have determined the existence of the piezoelectric fields in InxGa1-

xN QWs by observing shifts in the PL peak energy with increasing excitation intensity 

[5.11-15].  The photogenerated carriers will screen or weaken the piezoelectric field and 

cause a shift in the PL peak energy.  Takeuchi et al. confirmed the existence of a 

piezoelectric field pointing from the growth surface to the substrate in an 

In0.13Ga0.87N/GaN LED with ten 4.3 nm QWs using intensity dependent PL [5.11].  At 14 

K, the PL excitation intensity was increased from 0.04 W/cm2 to 1 W/cm2 and a blueshift 

of approximately 40 meV was observed.  Shapiro et al. examined four commercially 

available samples manufactured by Nichia Chemicals and APA Optics [5.48].  The room 

temperature PL excitation intensity was increased by a factor of 100, and the samples 

showed various sensitivities to the excitation intensity [5.48].  While all of the previous 

studies were performed on samples grown in the [0001] direction, Chen et al. performed 

excitation intensity PL experiments on InxGa1-xN /GaN MQWs grown in the [11-20] 

direction [5.14].  The group reported no PL peak shift and attributed this observation to 

the absence of a piezoelectric field perpendicular to the layers grown in the [11-20] 

direction.  This phenomenon confirmed that the PL peak blueshift observed in excitation 
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intensity experiments on InxGa1-xN /GaN samples grown in the [0001] direction was due 

to the existence of a piezoelectric field [5.14].  Following an extensive literature review, 

Henley et al. is the only group that has used SEM-CL carrier generation density 

experiments to determine the existence of a piezoelectric field in an InxGa1-xN SQW 

sample [5.16-17].  The group confirmed the existence of a piezoelectric field in a 2 nm 

SQW In0.28Ga0.72N/GaN sample by observing a blue shift in the SEM-CL spectra as the 

carrier generation density was increased.  All SEM-CL carrier generation density 

experiments performed by Henley et al. were carried out at 10 K [5.16-17]. 

In this work, piezoelectric fields were examined in commercial green and blue 

InxGa1-xN MQW LEDs using SEM-CL.  The existence and direction of piezoelectric 

fields in the strained InxGa1-xN quantum wells was determined with SEM-CL voltage 

dependence experiments.  Additional carrier generation density variation experiments and 

electroluminescence (EL) experiments were used to confirm the existence of a 

piezoelectric field in the InxGa1-xN MQW LEDs. 

 

5.1.2 Determination of Phase Separation in InxGa1-xN 

A significant research effort has focused on the indium composition fluctuations 

across InxGa1-xN layers as the mechanism for emission in InGaN-based devices [5.20-47].  

The phase separation that occurs in InxGa1-xN layers due to spinodal decomposition 

results in indium-rich and indium-poor regions [5.56].  The indium concentration is 

assumed to fluctuate spatially, thus forming local minima in the energy gap that confine 

or trap in the carriers and act as radiative recombination centers.  This results in an 

increase in emission efficiency because the carriers are not free to participate in the 
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nonradiative recombination pathways.  The radiative recombination is also enhanced due 

to the overlap of the electron and hole wavefunctions.  A detailed description of the 

origin of the composition fluctuations in InGaN-based devices is described in Chapter 2. 

 In several reports, SEM-CL and a variety of other techniques have been used to 

examine indium composition fluctuations in InxGa1-xN quantum well structures [5.20-47].  

Chichibu et al. used monochromatic SEM-CL imaging of In0.20Ga0.80N MQWs to reveal 

indium-rich regions estimated to be smaller than 60 nm [5.33].  In addition, a wide area 

CL peak was found to consist of several sharper emission peaks with various energies, 

indicating regions of varying indium concentration.  Ryu et al. studied 1 nm In0.15Ga0.85N 

double QWs using wide area and spot mode CL spectroscopy at 80K [5.15, 45].  Similar 

to the studies performed by Chichibu et al. [5.33], the wide area CL spectrum consisted 

of several emission peaks having various peak energies that were attributed to indium 

fluctuations in the QWs.  Cho et al. used monochromatic SEM-CL imaging to study 

In0.09Ga0.91N, In0.11Ga0.89N, In0.17Ga0.83N, and In0.22Ga0.0.78N  MQW samples [5.39].  The 

In0.22Ga0.0.78N  MQW sample revealed micron-size indium regions, while the remaining 

three samples showed submicron-sized spotty indium regions with a high density.  They 

concluded that lower indium content results in effective carrier localization at small-scale 

(submicron) potential minima.  However, with further increasing indium content, the size 

of the phase segregation can form large-scale (micron) indium clusters.  Narukawa et al. 

used cross-sectional bright field TEM to observe dark spots on the order of 3 nm in 3 nm 

In0.20Ga0.80N MQWs [5.22].  (S)TEM-EDS was used to confirm that the indium 

composition in the 3 nm dark spots was always greater than in neighboring well regions.  

Therefore, indium segregation ranging from nanometers to microns has been observed 
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experimentally using a variety of characterization techniques including monochromatic 

SEM-CL imaging, spot mode CL spectroscopy, and (S)TEM-EDS.  A variety of TEM-

CL and (S)TEM-CL techniques have also been used to investigate the indium 

fluctuations in InxGa1-xN QW structures and are described in Chapter 8.   

In this work, planar panchromatic SEM-CL imaging of InGaN-based green and 

blue LEDs was performed and revealed an inhomogeneous intensity.  SEM-CL 

spectroscopic experiments were used to locally probe the intensity differences identified 

in the panchromatic CL images and examine any bandgap differences (i.e. indium 

composition differences). 

 

5.2 InGaN-based MQW Samples Used in SEM-CL Experiments 

The devices used in the study were commercial Cree, Inc. InGaN-based MQW X-

Bright green and blue LEDs [5.57].  The structures were grown by metal-organic 

chemical-vapor deposition on a (0001) SiC substrate. The sample structure consisted of 

five n-GaN:Si/InGaN/GaN QWs followed by a p-GaN:Mg layer.  The size of the 

quantum wells and the indium mole fraction is proprietary.  The indium composition in 

the MQWs was controlled to obtain green and blue light emission.  The donor and 

acceptor concentrations were approximately 1.0E18 cm-3 and 1.0E20 cm-3.  Bottom and 

top ohmic contacts were deposited on the SiC substrate and the p-type GaN layer.  The 

green commercial InGaN-based LEDs have a typical output power of 9.0 mW operating 

at 20 mA, with a full width at half maximum broadband emission of approximately 34 

nm centered at 525 nm.  The blue commercial InGaN-based LEDs have a typical output 

power of 20 mW operating at 20 mA, with a full width at half maximum broadband 
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emission of approximately 19 nm centered at 460 nm.  EL spectra of the green LED can 

be found in Section 5.4.4 and EL spectra of the blue LED can be found in Section 5.5.3.  

The as received devices were individual unpackaged dies as shown in Figure 5.1.  The 

devices were mounted unpackaged on a transistor outline (TO) header with silver paste 

and wire bonded for the voltage dependent SEM-CL experiments, as shown in Figure 5.2.  

The current versus voltage (I-V) curve of each device was collected after wire bonding to 

confirm the electrical integrity of the device, as shown in Figure 5.3 and Figure 5.4.  The 

individual unpackaged dies were mounted on a TO header with carbon tape for the 

panchromatic imaging experiments. 
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Figure 5.1 Secondary electron images of (a) the as-received green 
InGaN-based LED and the (b) as-received blue InGaN-based LED. 
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Figure 5.3 I-V curve of the green InGaN-based MQW LED. 

Current vs. Voltage 
MQW X-Bright Green LED

C
ur

re
nt

 (m
A

) 

Voltage (V) 

Figure 5.2 The as-received green LED mounted on a TO header with 
silver paste.  The top side of the device was wire bonded to the post of the 
TO header. 
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5.3 Experimental Setup 

A compact SEM-CL spectroscopy system with both polychromatic spectroscopic 

and panchromatic imaging capabilities was designed and implemented for these 

experiments.  SEM-CL measurements were performed at room temperature in a Hitachi 

S-3200N SEM. 

The CL polychromatic spectroscopy setup consisted of a USB2000 Ocean Optics 

miniature spectrometer [5.58] coupled via a fiber optic light collection system.  The 

USB2000 spectrometer is a ‘plug-and-play’ unit that connects directly to a PC computer 

through a Universal Serial Bus (USB) cable, as shown in Figure 5.5.  The miniature 

spectrometer draws its power directly from the computer and therefore requires no 

external power supply.  The spectrometer is a 2048-element linear CCD array and was 

configured with a 50 µm slit, a 600 lines/mm grating with a blaze wavelength of 500 nm, 

and a spectral window between 350nm-1000nm.  The efficiency curve for the 

Figure 5.4 I-V curve of the blue InGaN-based MQW LED. 
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spectrometer used in these experiments (i.e. grating # 3) is shown in Figure 5.6 [5.72].  

The spectrometer has a 2 nm optical resolution, equivalent to a 0.007 eV energy 

resolution at 600 nm, a 0.009 eV energy resolution at 525 nm and a 0.012 eV energy 

resolution at 460 nm.  A 1000 µm fused silica fiber optic terminated with a subminiature 

A (SMA) 905 connector was connected to the spectrometer via an Ocean Optics 1000 µm 

vacuum feedthrough [5.58] on the Hitachi S-3200N [5.1].  The Hitachi S-3200N and the 

location of the spectrometer on the Hitachi S-3200N are shown in Figure 5.7.  A 5.1 mm2 

Si photodetector on a TO-5 header mount (Edmond Optics with stock number NT53-378 

[5.59]) was used to collect panchromatic CL images.  The custom sample holder was 

designed to allow simultaneous placement and positioning of the fiber optic and Si 

photodetector and provide electrical contact to the sample via legs of the TO header 

through the specimen current feedthrough, as shown in Figure 5.8.  In these experiments 

the 1000 µm fiber optic was placed 3 mm from the sample as shown in Figure 5.9, 

resulting in a solid angle of 0.09 steradians.  In the CL emission peak voltage dependence 

studies, the InGaN-based MQW LED was reverse biased using a Tektronix CPS 250 

power supply [5.60].   

In the EL experiments, spectra were acquired at various forward bias voltages 

using the Ocean Optics miniature spectrometer and fiber optic setup and a Keithley 428 

current amplifier [5.61]. 
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Figure 5.5 Ocean Optics USB2000 miniature plug-and-
play spectrometer [5.58].

Spectrometer USB cable 

(a) 

(b) 

Figure 5.6 The Relative Efficiency vs. Wavelength curve for the 
spectrometer used in the SEM-CL experiments.  Grating #3 was 
installed in the spectrometer [5.58]. 
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Figure 5.7 (a) Hitachi S-3200N SEM [5.1] and (b) position 
of vacuum feedthrough and spectrometer.
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Figure 5.8 (a) and (b) Custom sample holder designed to allow for both 
polychromatic spectroscopic capabilities and panchromatic imaging 
capabilities in the Hitachi S-3200N SEM. 
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5.4 Determination of Piezoelectric Field in Green InxGa1-xN MQW LED 

5.4.1 Voltage Dependence Studies (Green LED) 

In the SEM-CL voltage dependence studies, the green InGaN-based MQW LED 

was reverse biased in increments of 1.25 volts from 0 to 20 volts, while maintaining a 

constant beam energy of 30 keV and beam current of 4 nA.  The Kanaya-Okayama (KO) 

electron range [5.62], RKO, corresponding to this acceleration voltage is approximately 

4.2 µm in GaN.  Table 5.1 shows the reverse bias voltages and the corresponding CL 

peak wavelength and energy.  The CL spectra at various reverse bias voltages are plotted 

as a function of wavelength in Figure 5.10 and plotted as a function of energy in Figure 

Figure 5.9 Secondary electron image of fiber optic light collection system. 

Fiber Optic 

Ag Paste

Post 

TO Header 

LED 

Au wire 

500 µm 



 94

5.11.  The CL emission peak was blueshifted 11 nm (52 meV) from 516.2 nm (2.402 eV) 

to 505.2 nm (2.454 eV) as the reverse bias was increased from 0 volts to 13.75 volts.  The 

CL peak wavelength did not shift between an applied reverse bias of 13.75 and 15.0 volts, 

but began to redshift as the reverse bias was increased above 15.0 volts.  In order to 

clearly show the blueshift followed by the redshift, the CL spectra at reverse bias 

voltages between 7.5 volts and 20.0 volts were plotted as a function of wavelength in 

Figure 5.12 and as a function of energy in Figure 5.13.  Circles are used to identify the 

CL emission peak in Figure 5.12 and Figure 5.13.  A plot of the peak CL wavelength as a 

function of applied reverse bias is shown in Figure 5.14. 

Directly following the reverse bias experiment, a spectrum was collected with no 

applied bias and the peak wavelength of the spectrum returned to 516.2 nm. 

 

 

 

 

 

 

 

  

 

 

 

 

Reverse Bias (Volts) Wavelength (nm) Energy (eV) 
0.00 516.2 2.402 
1.25 516.2 2.402 
2.50 515.5 2.405 
3.75 515.5 2.405 
5.00 515.5 2.405 
6.25 514.4 2.411 
7.50 512.3 2.420 
8.75 509.8 2.432 
10.00 507.7 2.442 
11.25 506.9 2.446 
12.50 505.5 2.453 
13.75 505.2 2.454 
15.00 505.2 2.454 
16.25 505.5 2.453 
17.50 505.9 2.451 
18.75 506.6 2.448 
20.00 507.3 2.444 

Table 5.1 The reverse bias voltages used in the SEM-CL voltage 
dependence experiments and the corresponding CL peak 
wavelengths and energies. 
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Figure 5.10 Intensity vs. Wavelength plot of the CL spectra from the green InGaN-based 
MQW.  The CL peak wavelength blueshifts 11 nm before it begins to redshift above 15 
volts.  
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Figure 5.11 Intensity vs. Energy plot of the CL spectra from the green InGaN-based 
MQW.  The CL peak wavelength blueshifts 52 meV before it begins to redshift above 15 
volts.  

Energy (eV)

In
te

ns
ity

 (a
rb

. u
ni

ts
) 

No Bias 

13.75V 

Intensity vs. Energy 
MQW X-Bright Green LED 



 96

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Intensity vs. Wavelength 
MQW X-Bright Green LED 
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Figure 5.12 Intensity vs. Wavelength plot of CL spectra from the green InGaN-based 
MQW collected between 7.5 and 20.0 volts.  The CL peak wavelength redshifts as the 
reverse bias increases above 15.0 volts.  

Figure 5.13 Intensity vs. Energy plot of CL spectra from the green InGaN-based MQW 
collected between 7.5 and 20.0 volts.  The CL peak energy shifts to a lower energy as the 
reverse bias increases above 15.0 volts.  
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The top side of the green InGaN-based LED was p-type and therefore the built-in 

electric field and the reverse bias field point from the substrate to the growth surface.  As 

the reverse bias was increased, a blueshift was observed due to the compensation of the 

piezoelectric field indicating that the direction of the piezoelectric field was set against 

the reverse bias field.  We can conclude that the piezoelectric field in the strained InxGa1-

xN quantum wells points from the growth surface towards the substrate.  The Quantum 

Confined Stark Effect (QCSE) due to the piezoelectric field tilts the bands and produces a 

redshift of the quantum well emission peak relative to flat-band conditions, as shown in 

Figure 2.3 of Chapter 2.  When an external bias is set against the piezoelectric field, there 

is a decrease in the internal piezoelectric field across the quantum wells, leading to a 

Figure 5.14 Peak CL Wavelength vs. Reverse Bias Voltage for the 
green InGaN-based MQW LED.
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larger effective bandgap or a blueshift of the emission, as shown in Figure 2.4 of Chapter 

2.  By increasing the reverse bias, there is a cancellation of the piezoelectric field until 

flatband conditions are reached and a further increase in the reverse bias inverts the bands 

and causing a decrease in the effective bandgap (i.e. redshift of the emission). 

The integrated CL intensity as a function of reverse bias voltage is plotted in 

Figure 5.15 and shows a continuous decrease in the CL peak intensity as the reverse bias 

is increased.  At this time, the decrease in CL intensity is not completely understood.  As 

the piezoelectric field is decreased in the QWs, the CL intensity, or transition probability, 

is expected to increase due to an increase in the overlap between the electron and hole 

wavefunctions [5.63, 64].  It is hypothesized that the decrease in intensity may be due to 

the band bending of the GaN barrier layer as the reverse bias is increased.  Increasing the 

reverse bias brings the QW bands back to flat band conditions, but increases the amount 

of band bending in the barrier layers, thereby increasing the probability of tunneling 

[5.65].  Therefore, carriers have an increased probability of tunneling out of the quantum 

wells before radiative recombination.  

Most of the research groups that have used biased PL experiments to study the 

piezoelectric field in InxGa1-xN QWs have not been able to observe a redshift after the 

initial blueshift due to a dramatic decrease in PL intensity [5.2-5, 7-10].  Takeuchi et al. 

did report an increase in photocurrent as the PL intensity decreased and concluded that 

the photgenerated carriers contribute to current flow rather than luminescence [5.3].  The 

only complete compensation of the piezoelectric field with an external field found during 

extensive literature searches was reported by Jho et al. on a MQW In0.15Ga0.85N sample 

using the PL technique, as discussed in Section 5.1.1 [5.6].  
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5.4.2 Magnitude of Piezoelectric Field (Green LED) 

The magnitude of piezoelectric fields in InxGa1-xN QW structures [5.2-7] with 

indium mole fractions between 15%-20% range from less than 1.0 MV/cm to 2.45 

MV/cm.  We estimated the magnitude of the piezoelectric field in the InGaN-based 

MQW LED by considering the externally applied reverse bias at which flat band 

conditions were reached and the depletion region over which this applied voltage dropped.  

Since the CL emission peak did not change between 13.75 and 15.0 volts before a 

redshift was observed, an intermediate value of 14.5 volts was taken as the approximate 

voltage that completely compensated the piezoelectric field. 
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Figure 5.15 The integrated CL intensity as a function of applied reverse 
bias shows a continuous decrease in the CL peak intensity as the reverse 
bias is increased. 
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The depletion region thickness, W, of the device was calculated from the donor 

and acceptor concentrations and the built-in potential, as shown in Equation 5.1 [5.66].  

In Equation 5.1 Vo is the built-in potential, VA is the applied bias, ε =εoεr is the 

permittivity of medium (where εo and εr are the absolute permittivity and relative 

permittivity of the semiconductor material) Na is the acceptor concentration, and Nd is the 

donor concentration. 

 

 

    (5.1) 

 

 

The built-in potential was 3.4 volts and the donor and acceptor concentrations were taken 

as 1.0E18 cm-3 and 1.0E-20 cm-3, respectively.  Therefore, the depletion region thickness 

was found to be approximately 142 nm at a reverse bias of 14.5 volts.  A first order 

approximation gives a piezoelectric field on the order of 1.0±0.2 MV/cm.  This 

piezoelectric field value is on the same order of magnitude as those calculated using the 

piezoelectric constants derived by Bernardini et al. [5.67-74] and those calculated using 

the constant experimentally derived from the mobility data by Bykhovski et al. [5.75].  

For a more strict determination of the piezoelectric field, the screening of the 

piezoelectric field and the influence of compositional fluctuations in the InxGa1-xN layers 

must also be taken into consideration. 
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5.4.3 Carrier Generation Dependence Studies (Green LED) 

Experiments involving the carrier generation density dependence of the CL 

emission peak were carried out with a 30 keV electron beam.  The Kanaya-Okayama 

(KO) electron range [5.62], RKO, corresponding to this acceleration voltage is 

approximately 4.2 µm in GaN.  Beam currents of 4.8 nA, 10 nA, and 12 nA were used 

corresponding to a generated carrier density of 1.6E15 carriers/cm3, 3.3E15 carriers/cm3 

and 4.9E15 carriers/cm3, respectively.  The carrier generation density was calculated by 

dividing the number of EHPs created per second by the generation volume.  This number 

was then multiplied by minority carrier lifetime.  Details of the steady state minority 

carrier calculations can be found in Appendix 1.  No external voltage was applied during 

this experiment.  As the carrier generation density increased, the CL emission peak of the 

strained InxGa1-xN layers exhibited a blueshift, as shown in Figure 5.16.  The observed 

blueshift was approximately 11.0 nm or 52 meV.  Similar phenomena were seen using 

SEM-CL by Henley et al. [5.16, 17] in a 30 nm GaN/2nm In0.28Ga0.72N/2µm 

GaN/sapphire sample.  The phenomena seen in the SEM-CL carrier generation density 

variation experiment can also be explained by the existence of a piezoelectric field.  The 

beam generated carriers in the quantum well will act to screen or weaken the 

piezoelectric field.  As the carrier generation density was increased, the piezoelectric field 

was weakened and the effective band gap increased and a blueshift was observed. 
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5.4.4 Electroluminescence Studies (Green LED) 

In the EL experiment, a 10 nm blueshift was observed as the forward bias was 

increased from 2.1 to 5.0 volts, as shown in Figure 5.17.  The phenomena seen in the EL 

experiment can also be explained by the existence of a piezoelectric field with an 

argument similar to that discussed for the carrier generation density dependence results 

(Section 5.4.2).  The injected carriers in the quantum well act to screen or weaken the 

piezoelectric field.  As the forward bias was increased, the piezoelectric field was 

weakened and the effective band gap increased resulting in a blueshift. 
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Figure 5.16 Room temperature SEM-CL spectra of the green InGaN-based MQW 
LED at various carrier generation densities.  The CL emission peak blueshifts 
approximately 11 nm (52 meV) as the beam current is increased from 4.8 nA to 
12 nA. 
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5.5 Determination of Piezoelectric Field in Blue InxGa1-xN MQW LED 

5.5.1 Voltage Dependence Studies (Blue LED) 

In the SEM-CL voltage dependence studies, the blue InGaN-based MQW LED 

was reverse biased in increments of 1.25 volts from 0 volts to 12.5 volts, while 

maintaining a constant beam voltage of 20 keV and beam current of 3.7 nA.  The 

Kanaya-Okayama (KO) electron range [5.62], RKO, corresponding to this acceleration 

voltage is approximately 2.4 µm in GaN.  The CL spectra at various reverse bias voltages 

are plotted as a function of wavelength in Figure 5.18.   

Figure 5.17 Normalized EL spectra of the green InGaN-based MQW LED at 
various forward bias voltages. The EL emission peak blueshifts approximately 
10 nm as the forward bias is increased from 2.1 to 5.0 volts.   
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In Figure 5.18, the 450 nm peak corresponds to the QW emission and the 555 nm 

broad peak may correspond to ‘yellow emission’ from the GaN layers beneath the QWs.  

The 555 nm broad peak or ‘yellow emission’ is thought to be related to defects and 

impurities in GaN [5.55, 76].  Several studies attribute the yellow emission to complexes 

of extended defects and point defects or impurities [5.77].  Other groups have reported 

that the yellow emission peak is related to the threading dislocation density in GaN [5.77].  

In addition to dislocations, ionized impurities, and other intrinsic defects which can create 

shallow or deep donors/acceptors in GaN, the effects of plasma-induced damage on the 

yellow emission of GaN and the relation between near surface lattice defects have also 

been studied [5.77].  There also appears to be a relationship between the ‘yellow 

emission’ peak and the ammonia and silane flow rates during growth [5.55, 76].  For 

samples grown with increased ammonia and silane flow rates there is a decrease in the 

intensity of the ‘yellow emission’ peak. 

The CL emission peak was blueshifted 2.5 nm (15 meV) from 451.3 nm (2.748 

eV) to 448.8 nm (2.763 eV) as the reverse bias was increased from 0 to 12.5 volts.  This 

small blue shift is shown clearly in Figure 5.19, an expanded version of Figure 5.18.  

Compared to the green InGaN-based MQW LED described in Section 5.4.1 which 

showed an 11 nm blueshift followed by a redshift, a much smaller blueshift of 

approximately 2.5 nm was observed for the blue InGaN-based LED.  Since the blueshift 

is on the order of the resolution of the spectrometer, conclusive evidence of the existence 

or direction of a piezoelectric field was not observed. 

A more significant blueshift or a full compensation a piezoelectric field could not 

be observed in this device due to the dramatic decrease in CL intensity, as can be seen in 
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Figure 5.18 and Figure 5.19.  An explanation for this dramatic decrease in intensity is 

described in Section 5.4.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.18 Intensity vs. Wavelength plot of the CL spectra from the blue 
InGaN-based MQW showing the QW peak and the deep yellow emission.  
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Figure 5.19 Intensity vs. Wavelength plot of the CL spectra from the blue InGaN-
based MQW showing the 2.5 nm peak shift as the reverse bias was increased. 
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5.5.2 Carrier Generation Dependence Studies (Blue LED) 

Experiments involving the carrier generation density dependence of the CL 

emission peak were carried out with a 20 keV electron beam.  The Kanaya-Okayama 

(KO) electron range [5.62], RKO, corresponding to this acceleration voltage is 

approximately 2.4 µm in GaN.  Beam currents of 1.0 nA, 2.2 nA, and 7.3 nA were used 

corresponding to a generated carrier density of 1.7E15 carriers/cm3, 4.0E15 carriers/cm3 

and 1.25E16 carriers/cm3, respectively.  The calculations used to determine the carrier 

generation density are described in Section 5.4.3.   No external voltage was applied 

during this experiment.  As the carrier generation density increased, a very small 

blueshift of approximately 2.5 nm (15 meV) was observed in the CL emission peak, as 

shown in Figure 5.20.  Since the blueshift was on the same order of magnitude as the 

resolution of the spectrometer, conclusive evidence of the existence of a piezoelectric 

field was not observed. 
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Figure 5.20 Room temperature SEM-CL spectra of the blue InGaN-based MQW 
LED at various carrier generation densities or beam currents.  The CL emission 
peak blueshifts approximately 2.5 nm (15 meV) as the beam current is increased 
from 1.0 nA to 7.3 nA 
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5.5.3 Electroluminescence Studies (Blue LED) 

In the EL experiment performed on the blue InGaN-based MQW LED, there was 

no observable blueshift as the forward bias was increased from 2.4 to 5.0 volts, as shown 

in Figure 5.21.  Since no blueshift was observed in the EL experiments, no conclusive 

evidence of the existence of a piezoelectric field was observed. 
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Figure 5.21 Normalized EL spectra of the blue InGaN-based MQW LED at 
various forward bias voltages. No blue shift in the EL spectra was observed. 
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5.6 Panchromatic CL Imaging of Green InxGa1-xN MQW LED 

 In the panchromatic SEM-CL studies, a beam energy of 10 keV, corresponding to 

a RKO value of 0.7 µm [5.62], and a beam current of 0.5 nA were used.  The beam voltage 

was chosen to improve the resolution by minimizing the interaction volume while still 

exciting emission from the QWs.  It was determined thorough experiment that any beam 

voltage below 10 keV does not penetrate the sample deep enough to produce QW 

emission. 

 Figure 5.22 shows a secondary electron image and the corresponding 

panchromatic CL image of the green InGaN-based LED used in these experiments.  

Intensity fluctuations are evident in the panchromatic SEM-CL image of Figure 5.22 (b).  

The region corresponding to the dotted box in Figure 5.22 is shown in Figure 5.23, and 

reveals the region analyzed with spectroscopic SEM-CL.  A high density of bright and 

dark regions can be seen in the panchromatic CL image of Figure 5.23 (b).  The intensity 

fluctuations may possibly be due to indium segregation in the underlying InxGa1-xN 

MQWs.  The bright regions in the panchromatic image of Figure 5.23 (b) may correspond 

to indium-rich regions that have trapped the free carriers and are acting as recombination 

centers and the dark regions could correspond to indium-poor regions where fewer 

carriers are recombining.  

 In order to study the origin of the different intensities, spectral CL measurements 

were carried out on the marked regions of the panchromatic CL image in Figure 5.23 (b).  

Two bright regions and two dark regions were chosen and analyzed.  Figure 5.24 shows a 

plot of intensity versus wavelength for each of the four areas marked in Figure 5.23 (b).  

As can be seen in Figure 5.24, there is no difference in the peak wavelength from the 
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bright or dark regions, only a difference in the peak intensity.  The brighter regions have 

a higher CL peak intensity compared to the dark regions. 

 Although intensity variations were observed in the panchromatic images, no 

difference in peak CL wavelength was observed between the bright and dark regions 

within the optical resolution limit of the spectrometer.  Therefore, differences in CL peak 

wavelength may not have been identified due to the resolution of the spectrometer and/or 

the SEM.  Alternatively, the intensity fluctuations may be a consequence of strain due to 

lattice mismatch between the MQWs and the p-type GaN capping layer.  The dislocations 

that are generated to relax the strain may locally trap some carriers before they can make 

it to the QWs and recombine radiatively.  Another possible source of nonradiative 

recombination in the MQW samples may be due to local inhomogeneous interface quality 

and the presence of interface states [5.78]. 
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Figure 5.22 (a) Secondary electron image of one green InGaN-based 
MQW LED and the (b) panchromatic CL image of the same device.  
The dotted box in both images shows the site of analysis shown in 
Figure 5.23. 
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Figure 5.23 (a) Secondary electron image of area analyzed on the green 
InGaN-based MQW LED and the (b) panchromatic CL image of the 
same area of the device. 
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5.7 Panchromatic CL Imaging of Blue InxGa1-xN MQW LED 

 In the SEM-CL studies, a beam energy of 10 keV, corresponding to a RKO value 

of 0.67 µm [5.62], and a beam current of 0.5 nA were used.  The beam voltage was 

chosen to improve the resolution by minimizing the interaction volume while still 

exciting emission from the QWs.  It was determined thorough experiment that any beam 

voltage below 10 keV does not penetrate the sample deep enough to produce QW 

emission. 

 Figure 5.25 shows a secondary electron image and the corresponding 

panchromatic CL image of the blue InGaN-based LED used in these experiments.  The 

intensity fluctuations are evident in the panchromatic SEM-CL image of Figure 5.25 (b).  

The region corresponding to the dotted box in Figure 5.25 is shown in Figure 5.26, and 

Figure 5.24 CL spectra of the green InGaN-based MQW LED taken at 
the four spots labeled in Figure 5.23 (b). 
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reveals the region analyzed with spectroscopic SEM-CL.  Bright and dark regions can be 

seen in the panchromatic CL image of Figure 5.26 (b), although the intensity is much 

more uniform in the blue InGaN-based LED than was observed in the green InGaN-based 

LED. 

In order to study the origin of the different luminescence efficiencies, spectral CL 

measurements were carried out on the marked regions of the panchromatic CL image in 

Figure 5.26 (b).  Two bright regions and one dark region were chosen and analyzed.  

Figure 5.27 shows a plot of wavelength versus intensity for each of the three areas 

marked in Figure 5.26 (b).  As can be seen in Figure 5.27, there is no difference in the 

peak wavelength from the bright or dark regions, only a difference in the peak intensity.  

The brighter regions have a higher CL peak intensity compared to the dark regions.  A 

discussion of the possible origin of the intensity fluctuations observed in the 

panchromatic images is discussed in Section 5.6. 
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Figure 5.25 (a) Secondary electron image of one blue InGaN-based 
MQW LED and the (b) panchromatic CL image of the same device.  
The dotted box in both images shows the site of analysis shown in 
Figure 5.26. 
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Figure 5.26 (a) Secondary electron image of area analyzed on the blue 
InGaN-based MQW LED and the (b) panchromatic CL image of the 
same area of the device. 
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5.8 Discussion  

The green and blue MQW InGaN-based LEDs analyzed with SEM-CL in these 

studies were processed to have the same size and number of quantum wells, but the 

indium concentrations were controlled to obtain green or blue emission.  The InxGa1-xN 

system has a direct bandgap that can be varied between 2.0 eV and 3.4 eV depending on 

the indium mole fraction [5.56].  GaN has a bandgap of approximately 3.4 eV 

corresponding to a wavelength of 364nm and InN has a bandgap of 2.1 eV corresponding 

to a wavelength of 590 nm.  Therefore, in quantum wells of the same size, the higher the 

indium concentration the smaller the bandgap or the larger the wavelength.  If the 

quantum wells are different sizes, quantum confinement also has to be taken into 

consideration.  As the size of the quantum well decreases, the transition energy increases.  

Figure 5.27 CL spectra of the blue InGaN-based MQW LED taken at the 
three spots labeled in Figure 5.26 (b). 
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Therefore, at an indium concentration that produces blue emission in a particular sized 

quantum well, green emission could be achieved by increasing the size of the quantum 

well [5.10, 48, 79].  Since the size of the quantum wells is the same in both the green and 

blue LEDs, we can conclude that the green InGaN-based MQW LED has a higher indium 

concentration than the blue InGaN-based MQW LED. 

 Due to the higher indium concentration in the green InGaN-based MQW LED 

versus the blue InGaN-based MQW LED, the lattice mismatch strain is greater in the 

green LED sample.  Therefore, a larger piezoelectric field would be expected in the green 

InGaN-based MQW LED.  The voltage dependence experiments on the green LED 

showed a clear 11 nm blueshift as the reverse bias was increased from 0 to 13.75 volts 

followed by a redshift at a reverse bias above 15.0 volts.  The voltage dependence studies 

provided information on the existence, direction, and magnitude of a piezoelectric field in 

the green LED.  The carrier generation dependence and EL studies provided 

complimentary information on the existence of the piezoelectric field in the green LED.  

In the blue LED, a very small 2.5 nm blue shift was observed as the reverse bias was 

increased from 0 to 12.5 volts.  The intensity of the CL spectra was dramatically reduced 

before a larger blueshift or redshift could be observed.  Since the blueshift was on the 

same order as the resolution of the spectrometer, conclusive evidence of the existence or 

direction of a piezoelectric field was not observed.  In addition, no peak shift was 

observed in the carrier generation dependence or EL studies.  

The decrease in CL intensity was more dramatic in the blue LED than in the green 

LED.  As discussed in Section 5.4.1, it is hypothesized that the decrease in intensity may 

be due to the band bending of the GaN barrier layer below the MQWs as the reverse bias 
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is increased.  The bandgap of the QWs in the green LED is approximately 2.4 eV and the 

bandgap of the QWs in the blue LED is approximately 2.7 eV.  Therefore, the QWs in the 

green LED have greater conduction band and valence band offsets than the QWs in the 

blue LED, giving the carriers in the blue LED a higher probability of tunneling out of the 

QWs before radiative recombination [5.80]. 

In the SEM-CL panchromatic imaging experiments, the blue InGaN-based LED 

revealed a more uniform intensity than the green LED.  As discussed above, the green 

LED has a higher indium concentration than the blue LED and higher indium fluctuations 

would be expected in the green LED.  However, in both samples, the brighter regions 

corresponded to a higher CL peak intensity, but no difference in peak energy or width.  

Since the USB2000 spectrometer used in these experiments had a resolution of 2 nm, an 

indium concentration fluctuation on the order of 1% can be resolved.  Therefore, if the 

indium fluctuations are smaller than 1% a higher resolution spectrometer may be needed 

to reveal differences in CL peak emissions.  However, other groups using CL to studying 

InxGa1-xN QW structures have typically found indium fluctuations on the order of 2-3%, 

corresponding to a wavelength difference of the order of 8-10 nm [5.22, 49, 80, 81]. 

Further investigations using Z-contrast, EDS, and CL in the STEM are needed for 

a more complete understanding of the role of composition fluctuations in the green and 

blue InGaN-based MQW LEDs. 
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6 STEM-EBIC EXPERIMENTS AND RESULTS 

6.1 Introduction 

Electron Beam Induced Current (EBIC) is an electron microscopy-based 

technique that can provide information on the electrical properties of semiconductor 

materials and devices.  Since the size of electronic devices has reached the nanometer 

scale, the Scanning Electron Microscopy (SEM)-based EBIC technique has reached its 

spatial resolution limits.  Therefore, there is a need for a high-resolution EBIC technique.  

This chapter focuses on the design, development and implementation of an EBIC system 

utilizing a dedicated Hitachi HD-2000 Scanning Transmission Electron Microscope 

(STEM) [6.1].  The combination of a high energy electron beam and a thin sample in a 

STEM improves the spatial resolution to the nanometer scale, as discussed in Chapter 3 

and shown in Figure 3.2.  The STEM-EBIC technique was used in the characterization of 

an indium gallium nitride (InGaN)-based quantum well Light Emitting Diode (LED).  A 

novel sample preparation method using a Focused Ion Beam (FIB) technique and a 

custom STEM-EBIC sample holder were designed for these experiments.  The relative 

position of the p-n junction with respect to a thin InxGa1-xN quantum well (QW) was 

resolved with the STEM-EBIC technique with nanometer precision.  The simultaneous 

collection of Z-contrast and EBIC images was also demonstrated.  The STEM-EBIC 

technique is shown to be a powerful tool for the characterization of electrical properties 

of semiconductor materials and devices on the nanometer scale.    
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6.2 STEM-EBIC Applications 

The STEM-EBIC technique was first demonstrated in the late 1970’s by Sparrow 

and Valde in the correlation of crystal defects and the electrical properties of silicon 

transistors [6.5].  These first STEM-EBIC experiments were performed in a Cambridge 

750 keV Transmission Electron Microscope (TEM) with a scanning capabilities (i.e. 

(S)TEM).  A few years later, Petroff et al. demonstrated the (S)TEM-EBIC method in a 

modified TEM working at 150 keV and 200 keV, to obtain information on the 

relationship between dislocation cores and nonradiative recombination properties in 

GaAlAsP [6.6].  In the early 1990’s, Cabanel and Laval implemented a (S)TEM-EBIC 

system to relate the electrical activity of microstructural defects in polycrystalline Si to 

the presence of impurities [6.7].  More recently, Cabanel et al. used cross-sectional 

(S)TEM-EBIC to relate the inhomogeneities in silicon p-n junctions to variations in 

doping concentrations [6.8, 9].  Cabanel et al. used a JEOL FX TEM for all (S)TEM-

EBIC experiments [6.7-9].  All of the STEM-EBIC work mentioned previously, as well 

as additional cited work [6.10-17], was achieved using a TEM with scanning capabilities.  

In this work, a STEM-EBIC system was implemented utilizing a dedicated Hitachi HD-

2000 Field Emission STEM (FESETM) and used to determine the p-n junction location 

of an InGaN-based single quantum well (SQW) LED. 

 

6.3 Sample Used in STEM-EBIC Experiments 

The sample used in the STEM-EBIC experiments was an InxGa1-xN 3 nm SQW 

LED.  The general structure of this device is shown in Figure 6.1.  The device was grown 

by metal-organic chemical-vapor deposition on a (0001) silicon carbide (SiC) substrate.   
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An n-type AlxGa1-xN buffer layer was grown on the SiC substrate followed by n-type 

GaN.  A 3 nm InxGa1-xN quantum well was grown on top of the n-type GaN material.  

This layer was followed by p-type AlxGa1-xN and finally a p-type GaN contact layer.  The 

indium composition in the SQW device was controlled in order to obtain blue light 

emission, but the indium mole fraction is proprietary.  The as-received sample was a 1 

mm2 square piece cleaved from the wafer and mounted unpackaged on the edge of a 

transistor outline (TO) header, as shown in Figure 6.2.  The can of the TO header made 

contact to the backside of the device (i.e. n-type material) and a gold bonded wire made 

contact to the topside of the device (i.e. p-type material).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 General structure of the SQW InGaN-based LED 
used in the STEM-EBIC experiments. (Not drawn to scale). 
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6.4 Sample Preparation 

The sample preparation was a variation of the traditional ‘H-bar’ TEM method 

using FIB milling [6.18-21].  The TO header was embedded in wax and mechanically 

polished down using diamond lapping films on an Allied Multiprep System [6.22].  The 

sample was polished to a final wedge of approximately 50 µm, while ensuring that the 

gold bonded wire was still attached to the p-type material of the device.  The backside of 

the thinned device was attached to a half copper mesh TEM grid with silver paint, while 

the gold bond wire remained free, as shown in Figure 6.3.  The silver paint provided 

electrical contact between the backside of the device and the TEM grid.  In the final step, 

Materials Analytical Services, Inc. [6.23] used a FEI 200 TEM with a magnum column 

and a 30 keV Ga+ beam to create a 300 nm thick electron transparent membrane [6.24], 

as shown in Figure 6.4. 

Figure 6.2 The as-received sample was a 1 mm2 square piece 
cleaved from the wafer and mounted unpackaged on the edge 
of a TO header. 

TO Header 

Au wire
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 Figure 6.5 (a) shows a secondary electron image taken on the Hitachi HD-2000 

STEM of the thin FIB region with respect to the gold wire.  Figure 6.5 (b) shows a 

secondary electron image of the thin section crated by FIB milling and reveals the ‘H-

bar’ shape of the region.  Following the FIB thinning of the LED sample, the current 

versus voltage (I-V) curve of the device was checked in order to confirm that the 

electrical integrity of the device was maintained throughout the sample preparation 

process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.4 Schematic of the LED sample after being ion milled to create electron 
transparent membrane. (Not drawn to scale). 
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Figure 6.3 Schematic of the LED sample after being mechanically polished to 50 µm and 
attached to a half copper mesh grid with silver paint. (Not drawn to scale). 
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Figure 6.5 (a) and (b) SE images of the FIB thin region of the LED 
taken on the Hitachi HD-2000 STEM at 200 keV. 
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6.5 STEM-EBIC Sample Holder Design 

The STEM-EBIC specimen holder was designed after a standard single-tilt side-

entry Hitachi HD-2000 STEM specimen holder [6.1], as shown in Figure 6.6.  An 

alumina ceramic feedthrough, approximately 5 mm in length, was placed in a hollow 

specimen holder barrel and sealed with Torr Seal, a solvent free epoxy resin, to ensure no 

vacuum leaks through the barrel.  The alumina ceramic feedthrough was a two hole round 

thermocouple insulator purchased from Omega Engineering, Inc. (model number TRX-

164116 [6.25]).  The 5 mm piece of alumina ceramic feedthrough was cut from the 

original 6 inch piece with a low speed diamond saw.  The hollow specimen holder barrel 

and alumina ceramic feedthrough are shown in Figure 6.7. 

Two shielded coaxial single-stranded and silver-plated copper wires insulated 

with Kapton were fed through the alumina ceramic feedthrough and also sealed with 

Torr Seal.  The wire was purchased from MDC Vacuum Products Corporation (part 

number 680502 [6.26]).  On the air-side of the barrel, the two wires were soldered to a 

subminiature A (SMA) connector that was mounted in a teflon handle, as shown in 

Figure 6.8.  The shielding and the Kapton insulation were removed from the ends of the 

wires on the vacuum-side of the barrel in order to allow for electrical connections to be 

made to the sample. 
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Figure 6.7 (a) Hollow aluminum barrel of specimen holde. (b) Optical image of alumina 
ceramic feedthrough. 

(a) (b)

Figure 6.8 Subminiature A (SMA) connector mounted in a teflon handle. 

Figure 6.6 Standard HD-2000 single-tilt side-entry HD-2000 STEM specimen holder 
(top) [6.1] compared to the custom designed STEM-EBIC holder (bottom). 
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The tip of the specimen holder, where the specimen is mounted, was a separate 

component and attached to the barrel with setscrews.  A piece of mica was glued down 

on the tip to create electrical isolation from the specimen rod holder.  A hole was then cut 

in the mica around the 3 mm hole that holds the TEM grid to allow for the transmission 

of the electron beam. 

The thinned LED sample was glued over the hole on the tip of the specimen rod 

holder with the gold bonded wire still allowed to move freely.  One of the feedthrough 

wires was glued to the top of the copper grid and silver paint was used to make the 

electrical connection between the feedthrough wire and the backside of the sample, as 

shown in Figure 6.9.  The end of the second wire was placed in a strip of indium that was 

positioned near the hole in the tip of the specimen holder.  The free gold bonded wire 

connected to the frontside of the sample was also placed in the indium strip, thus making 

contact between the frontside of the sample and the feedthrough wire, as shown in Figure 

6.9.  Figure 6.10 shows the fully prepared LED sample mounted in the specimen holder 

and emitting under bias.  The FIB region of the fully prepared LED is visible in Figure 

6.10 and shows that light is being emitted from all regions of the device including the 

electron transparent region.  After inserting the STEM-EBIC sample holder into the HD-

2000 STEM, the electrical integrity of the device is checked again using a curve tracer.  

The I-V curve of the fully prepared LED mounted in the STEM-EBIC holder and placed 

in the HD-2000 STEM under ultra high vacuum is shown in Figure 6.11. 
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(a) 

Figure 6.10 (a) Fully prepared LED sample mounted in the STEM-EBIC holder and (b) 
emitting under bias. 

(a) (b)

Figure 6.9 Tip of the STEM-EBIC sample holder showing the fully prepared LED 
sample and two electrical feedthroughs. The position of the gold wire is highlighted. 
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6.6 Experimental Setup and Results 

6.6.1 Introduction 

The goal of the STEM-EBIC experiments was to determine the p-n junction 

location, defined as the maximum of the built in electric field, with respect to the position 

of the InxGa1-xN quantum well.  All EBIC experiments were done in the linescan 

configuration, and at room temperature in a Hitachi HD-2000 FESTEM with a 200 keV 

electron beam, a 0.5 nm spot size, and a beam current of 350 pA.  The EBIC technique 

and EBIC linescan method are described in more detail in Chapter 3.  The Hitachi HD-

2000 FESTEM is shown in Figure 6.12 and has dark field (Z-contrast), bright field, and 

secondary electron imaging capabilities [6.1].  Calculations shown in Appendix 3 

Figure 6.11 I-V curve of the fully prepared LED sample mounted in STEM-EBIC holder 
and placed in the Hitachi HD-2000 STEM under UHV. The maximum current on the y-
axis was 20 mA. 

I (mA) 

V 
1 0 2 3 4 5 6 7 8



 137

confirmed that high injection conditions were used in the STEM-EBIC experiments.  

Therefore the carrier transport equations that describe the minority carrier diffusion 

length are not valid.  However, the p-n junction location, as determined by the maximum 

in the EBIC signal, can be resolved with nanometer precision with the STEM-EBIC 

technique even in high injection conditions.  Low injection conditions are described in 

more detail in Chapter 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12 Hitachi HD-2000 FESTEM used in the STEM-EBIC experiments [6.1]. 
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6.6.2 Determination of the p-n junction location 

The STEM-EBIC experiments used two acquisition systems.  Initially, an Oxford 

ISIS Energy Dispersive Spectrometer (EDS) acquisition system was used to obtain Z-

contrast and EBIC images simultaneously [6.29].  A typical Z-contrast image of the 

sample structure is shown in Figure 6.13.  The Z-contrast image allowed structural 

confirmation of the GaN and AlxGa1-xN barrier layers as well as the InxGa1-xN quantum 

well.  The external acquisition system fed the output from a Keithley 614 electrometer 

[6.30] directly into the auxiliary port of the imaging system.  The EBIC and Z-contrast 

images were collected with a 12.8 ms dwell time and 128 x 100 resolution.  The Z-

contrast signal was acquired for approximately one third of the 2.7 minute scan at which 

point the signals were switched and the EBIC signal was acquired for the remainder of 

the scan.  The EBIC signal varied between 30 and 55 pA during the EBIC image 

acquisitions.  Figure 6.14 (a) shows the collected Z-contrast and EBIC images.  The p-n 

junction location was determined by comparing the mean Z-contrast linescan (average of 

28 lines) and the mean EBIC linescan (average of 70 lines).  A comparison of the 

maximum in the mean Z-contrast linescan to the maximum in the mean EBIC linescan 

revealed the position of the p-n junction with respect to the center of the InxGa1-xN 

quantum well, as shown in Figure 6.14 (b).  The relative position of the p-n junction with 

respect to the InxGa1-xN quantum well was found to be 19 ± 3 nm from the center of the 

InxGa1-xN quantum well. 
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Figure 6.13 Z-contrast image of the LED structure, showing the InxGa1-xN 
QW and the GaN and AlxGa1-xN barrier layers.
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Figure 6.14 (a) EBIC and Z-contrast images acquired with the Oxford ISIS EDS system. 
(b) Mean Z-contrast and EBIC linescans showing p-n junction is located (19± 3) nm 
from center of InxGa1-xN QW. 
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6.6.3 Simultaneous Acquisition of EBIC, Z-contrast, and EDS linescans 

A Thermo Noran Vantage EDS acquisition system [6.31] has additional 

Multichannel Scalar (MCS) input ports, and was used to simultaneously obtain Z-contrast, 

EDS, and EBIC linescans on the Hitachi HD-2000 FESTEM.  The external electronic 

acquisition system included a Keithley 614 electrometer connected to a low gain voltage 

amplifier that converted the negative output voltage from the electrometer to a positive 

voltage.  A Thermo Noran Voltage to Frequency Converter (VFC) converted the positive 

voltage signal to a frequency signal which was fed to one of the MCS input ports.  The 

setup on the Hitachi HD-2000 STEM used for the simultaneous acquisition of the EBIC, 

Z-contrast and elemental linescans is shown in Figure 6.15. 

Feeding the EBIC signal into one of the MCS ports allowed for simultaneous 

acquisition of Z-contrast, EBIC, elemental aluminum, and elemental indium linescans, as 

shown in Figure 6.16 (a).  The 90 nm linescans had a total of 100 data points acquired 

with a 2 second dwell time.  These linescans were taken using conditions optimized for 

the EBIC signal.   Typical EDS and Z-contrast linescans optimized for good signal to 

noise are shown in Figure 6.16 (b).  Both sets of linescans illustrate the expected peak 

overlaps in the Z-contrast linescan and the elemental indium linescan.  The elemental 

indium EDS linescan confirmed the position of the InxGa1-xN quantum well that was 

previously determined with the Z-contrast image. 
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Figure 6.15 The setup on the (a) Hitachi HD-2000 FESTEM used for the simultaneous 
acquisition of the EBIC, Z-contrast and elemental linescans including (b) a Keithley 614 
Electrometer [6.30], (c) the Noran Vantage EDS System and VFC, and (d) the Noran 
Vantage EDS detector [6.31]. 
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Figure 6.16 (a) EDS linescans of aluminum, indium, and EBIC and Z-Contrast linescans 
optimized for collection of the EBIC signal and acquired with the Thermo Noran Vantage 
EDS system. (b) EDS linescan of aluminum, indium and Z-Contrast linescans optimized 
for signal to noise and acquired with the Thermo Noran Vantage EDS system. 
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6.7 Discussion 

The EBIC technique can be implemented in a SEM or a STEM in order to obtain 

electrical information about electrical transport properties of semiconductor materials and 

devices.  Due to the high energy electron beam and the thin specimen, the STEM-EBIC 

technique is superior in terms of spatial resolution when compared to the SEM-EBIC 

technique.  The increased resolution is an important feature due to the decreasing size of 

electronic and optoelectronic devices and the overwhelming need for nano-

characterization techniques. 

A STEM-EBIC system was designed, developed and implemented in a dedicated 

Hitachi HD-2000 FESTEM.  A novel sample preparation method, custom sample holder, 

and acquisition system were designed for these experiments.  The STEM-EBIC technique 

was used to determine the p-n junction location of an InGaN-based SQW LED with 

respect to the thin quantum well with nanometer precision.  The relative position of the p-

n junction with respect to the InxGa1-xN quantum well was found to be 19 ± 3 nm from 

the center of the InxGa1-xN quantum well.  In addition, the simultaneous acquisition of Z-

contrast, EBIC, and elemental aluminum and indium linescans was demonstrated.  The 

elemental indium EDS linescan confirmed the position of the InxGa1-xN quantum well 

that was previously determined with the Z-contrast image.  The STEM-EBIC technique 

has been shown to be a powerful tool for the characterization of electrical properties of 

semiconductor materials and devices on the nanometer scale.    
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7 ADVANCEMENTS TO THE STEM-EBIC SYSTEM 

7.1 Introduction 

Electron Beam Induced Current (EBIC) is an electron microscopy-based 

technique that can provide information on the electrical properties of semiconductor 

materials and devices.  However, the resolution of SEM characterization is limited to the 

order of hundreds of nanometers due to lateral size of the interaction volume created 

within the bulk specimen.  High-resolution microscopy techniques, such as Scanning 

Transmission Electron Microscopy (STEM), are needed for materials and device 

characterization on the sub-nanometer scale.  The design and implementation of an EBIC 

system in a STEM requires the proper sample preparation, sample holder, and data 

acquisition system.  This chapter focuses on the design, development and implementation 

of a novel sample preparation method for fully packaged devices and a new STEM-EBIC 

holder for the Hitachi HD-2000 FESTEM [7.1]. 

 

7.1.1 Sample Preparation 

The two main requirements in STEM-EBIC sample preparation are electrical 

contacts to the sample and an electron transparent membrane in the region of interest.  

There are several traditional methods of cross-sectional Transmission Electron 

Microscopy (TEM) sample preparation including dimple grinding and tripod polishing 

[7.2, 3].  These traditional methods of TEM sample preparation are usually practiced on 

strongly adhered thin films grown on a substrate.  The dimple grinding method involves 

dishing out a hemispherical section of the area of interest as the sample is rotated under a 

spinning grinding wheel [7.2].  Tripod polishing has become popular for cross-sectional 
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TEM sample preparation.  In this case, a wedge shaped sample several hundred 

nanometers thick at the thinnest edge is prepared by mechanical grinding [7.3].  In both 

cases, the sample requires a small amount of ion milling which can cause problems with 

materials that have dissimilar milling rates.   

In early STEM-EBIC experiments performed by Sparrow, Valdre, and Fathy, 

sample preparation of commercial silicon semiconductor devices involved thinning the 

sample with a chemical etch [7.4, 5].  After masking the device electrodes, the sample 

was rotated and thinned planar with a mixture of hydrofluoric and nitric acids until it 

became transparent to light.  In the mid 1990’s, Brown and Humphreys used 

experimentally grown SiGe/Si heterostructures for planar STEM-EBIC analysis [7.6].  

Prior to thinning, an evaporated Al contact was made to the top surface of the sample.  

The electron transparent membrane was then created by sequential mechanical polishing 

and argon milling of the substrate.  Finally, an ohmic contact was made to the bottom 

surface with an InGa eutectic.  More recently, Cabanel et al. used STEM-EBIC to study 

the cross-sections of experimentally grown silicon p-n junctions [7.7, 8].  After gold 

ohmic contacts were deposited on each side of the device, it was thinned down to electron 

transparency using the tripod method.  The resulting sample was a wedge with a 0.25° 

angle.  All of the previous studies have involved silicon-based structures which lend 

themselves well to the preparation methods employed.  In this work, a novel sample 

preparation method for optoelectronic devices, such as Light Emitting Diodes (LEDs) 

and Laser Diodes (LDs), has been developed for the STEM-EBIC technique.  A variation 

of the tripod wedge method in combination with the Focused Ion Beam (FIB) technique 

is used while maintaining the electrical integrity of the device throughout the process.  
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The technique has been developed to analyze any type of packaged or unpackaged 

optoelectronic device regardless of the materials or packaging.  The sample preparation is 

divided into several steps, including mechanical thinning, grid and wire attachment, and 

FIB milling to create an electron transparent membrane. 

 

  7.1.2 Sample Holder 

The two main requirements for a STEM-EBIC sample holder are electrical 

contact to the n-type and p-type side of the sample and a means of transferring the 

electrical signal out of the sample holder and into a current amplifier.  In all of the 

previous reports on STEM-EBIC experiments, the design of the sample holder is never 

described [7.4-18].  Several papers mention a ‘specific holder’ or ‘specifically designed’ 

holder with electrical connections to an external circuit [7.6, 7, 14, 16-18].  In this work, 

a custom cross-sectional STEM-EBIC sample holder was designed to hold fully prepared 

optoelectronic devices and allow for simultaneous structural, chemical, and electrical 

analysis.  The complete design and individual components is described in detail in 

Section 7.3.  

 

7.2 Novel Sample Preparation of Optoelectronic Devices 

7.2.1 Samples Used to Illustrate Sample Preparation Technique 

The sample preparation technique described in this section can be applied to any 

packaged or unpackaged optoelectronic device, such as light emitting diodes and laser 

diodes.  The laser diodes chosen to illustrate the technique are fully packaged 5.6 mm 

commercial AlGaInP index guided Multiple Quantum Well (MQW) devices with 
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wavelengths ranging between 635-670 nm.  Laser diodes packaged on both Transistor 

Outline (TO) headers and in flat packages were prepared using the preparation method 

described in this chapter.  However, only the laser diodes packaged on TO headers will 

be used to illustrate the technique.  The as-received fully package laser diodes on TO 

headers and in flat packages are shown in Figure 7.1 (a) and Figure 7.3 (a), respectively.  

Prior to preparation, a current versus voltage (I-V) curve is taken, as shown in Figure 7.1 

(b) and Figure 7.3 (b).  The original I-V curve is compared to I-V curves taken at various 

steps during the preparation process.  The laser diodes mounted on the can of a TO 

header have a cap protecting the entire structure with a glass window in the top of the cap 

that allows the light to escape.  The device consists of a die cut from a wafer soldered to a 

submount, typically Si, which is then soldered to a large heat sink, typically a magnetic 

alloy.  Electrical contact to the bottom of the device is made through the heat sink and 

electrical contact to the top of the device is made via a gold wire that is only 1 mm long 

and approximately 50 µm thick.  The Au wire is bonded to the top of the device on one 

end and attached to a post on the other end.  The heat sink and the post are isolated from 

one another and have legs on the bottom of the TO header.  The third leg on the base of 

the can makes electrical contact to a photodiode used to monitor the power output of the 

laser when used in a feedback circuit.  All the components of one laser diode packaged 

on a TO header and one laser diode packaged in a flat package are shown in the 

schematics of Figure 7.2 and Figure 7.4. 
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Figure 7.2 Cross-sectional schematic of one particular laser 
diode on a TO header. (Not drawn to scale) 
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Figure 7.1 (a) The as-received and fully packaged laser diode on a TO 
header. (b) I-V curve of one particular laser diode.  The voltage scale is 
increments of 0.20 volts. The maximum current on the y-axis was 20 mA. 
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Figure 7.4 Cross-sectional schematic of one particular laser diode in 
a flat package. (Not drawn to scale). 

V 
Figure 7.3 (a) The as-received and fully packaged laser diode in a flat 
package. (b) I-V curve of one particular laser diode.  The voltage scale is 
increments of 0.20 volts.  The maximum current on the y-axis was 20 mA. 
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7.2.2 Cap Removal and Initial Characterization 

 The TO header is mounted onto a low speed diamond saw and the cap is cut 

circumferentially until it can be pulled off, as shown in Figure 7.5.  It may be necessary 

to clean the surface from debris deposited during the cap removal.  After the cap is 

removed, SEM characterization is necessary to examine structural, chemical, and 

electrical properties that can impact STEM-EBIC sample preparation and analysis.  

Figure 7.6 shows secondary electron (SE) images of a laser diode after the cap has been 

removed.  Each sample can vary in location of components, materials used, and p-n 

junction location.  It is also necessary to ascertain the location of the p-n junction for each 

individual device in order to determine where the site-specific FIB milling needs to occur.  

It has been found that the junction location can be at the top side of the device near the 

gold bond pad or near the bottom side of the device near the submount, as shown in 

Figure 7.7. 

 SEM-based EBIC is used to determine the location of the active region of the 

device.  No additional mechanical preparation steps are needed for the SEM-EBIC 

experiments.  The diced surface is flat with little surface damage and does not require 

further polishing.  Once the cap is removed from the can of the TO header, the entire 

laser diode can be placed into a SEM, such as the Hitachi S-3200N SEM used in this 

study [7.19], with the diced surface perpendicular to the electron beam, as shown in 

Figure 7.7 and 7.8.  
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Figure 7.5 Cap of laser diode cut from TO header and almost 
entirely removed. 
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Figure 7.6 (a) and (b) Secondary electron images of laser 
diode on TO header after cap was removed. 
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In the SEM-EBIC setup, the device is electrically isolated from the stage and 

contact is made via a specimen current feedthrough to the heat sink and post through the 

legs of the TO header.  The beam is scanned across the cross-sectional surface of the 

device in a linescan method, and the output of the specimen current feedthrough is fed 

directly into a current amplifier.  The output of the amplifier is fed directly into the 

auxiliary port of the Hitachi S-3200N [7.1] and used to create an EBIC linescan.  The 

result is an EBIC curve with a maximum at the p-n junction position and exponentially 

decaying tails on both sides of the depletion layer [7.19].  A more complete description of 

the linescan method and the EBIC technique applied to semiconductor devices can be 

found in Chapter 3. 

During the SEM-EBIC analysis, an EBIC linescan is overlaid on the SE image to 

show the position of the p-n junction with respect to the top or bottom of the device.  An 

EBIC linescan overlaid on a SE image from two different devices is shown in Figure 7.7 

and Figure 7.8.  It is clear from Figure 7.7 (b) that the p-n junction position in this 

particular device is located approximately 7.5 µm from the submount/device interface.  It 

is clear from Figure 7.8 (b) that the p-n junction position in this particular device is 

located approximately 7.5 µm from the device/metal interface.  In both cases, the location 

of the p-n junction is too far away from the top of the device to create the electron 

transparent membrane with the FIB beam perpendicular to the layers of the device.  

Therefore, the positioning of the device on the 3 mm Cu grid and additional steps in the 

mechanical thinning of the laser diode become significant in terms of the FIB milling. 
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Figure 7.8 (a) SE image of laser diode. (b) SE image with EBIC linescan 
overlaid showing position of p-n junction with respect to metal/device interface.

20 µm 
10 µm 

(a) 
(b)

7.5 µm
EBIC linescan 

p-n junction 

Figure 7.7 (a) SE image of laser diode with EBIC linescan overlaid. (b) SE 
image with EBIC linescan overlaid showing position of p-n junction with 
respect to substrate/submount interface. 
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7.2.3 Encapsulation 

After the cap has been removed and p-n junction location determined, the 

specimen is encapsulated in a drop of Thick Gel Super Glue, as shown in Figure 7.9 (a).  

The entire specimen is placed in a crystallization dish with a small amount of water in the 

bottom and allowed to cure overnight, as shown in Figure 7.9 (b).  The humid atmosphere 

created by the water aids in curing the glue.  Embedding maintains the integrity of the 

specimen during grinding and prevents the accumulation of debris around the laser diode.   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.9 (a) Optical image of sample encapsulated in Thick Gel Super Glue. 
(b) Humidified environment used for overnight curing of the Thick Gel Super 
Glue. 
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7.2.4 Mechanical Thinning 

7.2.4.1 Grinding First Side Parallel to Wire 

The first step in the mechanical grinding sequence involves grinding the first side 

of the specimen down to the submount/device interface and partially into the gold bond 

pad.  The legs are removed from the TO header and the sample is adhered onto an Allied 

MultiprepTM mount with CrystalbondTM wax, as shown in Figure 7.10.  The Allied 

MultiprepTM Polisher is used for all of the fine grinding procedures due to the precision 

micrometers [7.20].  The specimen is first ground with 30 µm diamond lapping film with 

the wheel direction parallel to the submount/device interface to reduce the possibility of 

delaminating the interface.  Weights of 200-300 grams and a grinding speed of 60 rpm 

are used and ethylene glycol is used as a lubricant.  Grinding continues until the 

submount/device plane is intersected.  Grinding then proceeds with 6µm diamond 

lapping film until the gold bond pad is intersected.  A series of optical images taken 

throughout the polishing procedure are shown in Figure 7.11.  This procedure takes 

approximately 20-30 minutes and completes the mechanical grinding on the first side. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.10 (a) Allied MultiprepTM Polisher [7.20]. (b) Schematic of 
polishing setup, mounting, and procedure for the first side.  

(a)
(b)
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Figure 7.11 (a) Initial grinding into the heat sink. (b) Grinding into 
the submount and laser diode. (c) Grinding stopped once the Au bond 
pad is intersected.  
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7.2.4.2 Removal of Remaining TO Header 

 The sample is then remounted with the first polished face against a 45° angle 

mount.  The remaining base of the TO header is manually ground off with 240 grit silicon 

carbide paper on a grinding wheel, leaving only the heat sink, post, laser diode, and gold 

wire.  The entire TO header has to be removed because it is a magnetic material that will 

deflect the beam in a STEM and make analysis nearly impossible.  A series of optical 

images taken throughout the removal of the remaining TO header are shown in Figure 

7.12.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.12 (a) Sample after a short amount of grinding on the SiC paper. (b) 
Partial removal of the magnetic base material. (c) Complete removal of the base 
material, leaving only the heat sink, post, laser diode, and gold wire. 
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7.2.4.3 Making the Submount and Device Flush 

 Once all of the TO header is removed, the specimen is positioned on the stub 

with the sample overhanging the edge with the submount/device interface perpendicular 

to the grinding direction.  The specimen is ground on 30 µm diamond lapping film until 

the submount is intersected and finally ground on 6µm diamond to the device/substrate 

interface.  This step is necessary for the FIB milling of the active region because the 

sample will be mounted with the submount/device interface up on the edge of a half 3mm 

Cu grid.  In this mounting position, the FIB beam will be parallel to the layers of the 

device and milling of the active region can proceed.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.13 (a) Schematic of sample mounted for flushing of submount and 
device. (b) Sample mounted with substrate/device interface over the edge of the 
sample mount. (c) Substrate and device flush with each other. 
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7.2.4.4 Beveling 

 The specimen is then mounted on a 45° angle mount with CrystalbondTM wax, 

as shown in Figure 7.14.    The specimen is ground with 30µm diamond lapping film 

until the gold bond pad is intersected. Weights of 200-300 grams and a grinding speed of 

60 rpm are used and ethylene glycol is used as a lubricant.  The specimen is constantly 

monitored to obtain a sharp tip that is no more than 30 µm thick at the apex.  Our 

previous method did not include the 45° beveling step, and although good results were 

produced, lengthy FIB times were required to create an electron transparent membrane.  

By varying the geometry of the specimen tip we have been able to reduce the FIB milling 

time by up to 2-4 hours. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.14 Schematic of sample mounted for beveling procedure.  
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7.2.4.5 Final Thinning of Second Side 

The specimen is now a right angle and too thick to be placed in the STEM holder.  

A final thinning step is required to bring the total specimen thickness to less than 100 µm.  

The specimen is repositioned on the stub with the first side down so that the second side 

can be thinned.  The specimen is placed in the MultiprepTM and grinding proceeds as 

before using 30 µm diamond lapping film until the submount is intersected and then 6µm 

diamond lapping film until the bond pad is intersected.  Optical images of the progressive 

thinning of the second side are shown in Figure 7.15.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7.15 (a) Grinding into the heat sink. (b) Grinding into the 
submount and laser diode. (c) Grinding stopped once the gold bond 
pad is reached.  Total thickness of the specimen is less than 100 µm. 
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7.2.5 Grid and Wire Attachment 

The specimen must now be mounted onto two half 3 mm Cu grids to fit into the 

STEM-EBIC sample holder.  One grid will make contact to the topside of the device via 

the gold bond wire, and the second grid will make contact to the backside of the device 

via the submount.  To prevent shorting of the laser diode, electrical isolation between the 

two grids has to be maintained.   

The magnetic heat sink and post are still attached to the specimen and must be 

removed before the specimen is attached to a grid.  A small paintbrush dipped in acetone 

is slowly brushed across the sides of the heat sink and post to remove any residual Thick 

Formula Super Glue, as shown in Figure 7.16 (a).  After some time, the heat sink and 

post will be excavated from the encapsulating glue and can easily be removed with an 

ExactoTM knife, as shown in Figure 7.16 (b) and (c).   

 

 

  

 

 

 

 

 

 

 

 

Figure 7.16 (a) Excavation of heat sink with brush and acetone. (b) 
ExactoTM knife used to remove the heat sink. (c) ExactoTM knife used 
to remove the post. 
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The paintbrush dipped in acetone is then used to clean the surface of the 

submount in preparation for grid attachment.  After the surface of the submount has been 

cleaned, a small amount of M-BondTM is painted on the submount surface and a half Cu 

solid grid is glued onto the specimen perpendicular to the submount/device interface, as 

shown in Figure 7.17 (a) and (b).  The entire structure is allowed to sit in a 60o C oven 

over night to cure the M-BondTM.  After curing, the sample is immersed in acetone to 

remove it from the surface of the glass stub and to dissolve the encapsulating Thick 

Formula Super Glue.  The specimen is positioned such that that the grid is down and the 

specimen is exposed.  The Au wire is bent upwards to facilitate the preparation steps that 

follow.  A small amount of silver paste is applied to make electrical contact between the 

grid and the device, via the submount, as shown in Figure 7.17 (c).  

 After the silver paste has dried, a small amount of Superglue is applied over the 

paste, submount, and half Cu solid grid to act as an insulator between the second grid that 

will be placed on top, as shown in Figure 7.17 (d).  A solid Cu half-grid is placed on top 

of the Superglue layer and allowed to dry.  The Au wire is then bent down to make 

contact with the second solid Cu half-grid and a small amount of silver paste is applied to 

ensure structural and electrical contact, as shown in Figure 7.18.  After the paste has dried, 

a curve tracer is used to check the laser diode under bias as well as the IV characteristics 

of the sample before the FIB milling step begins. 
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Figure 7.17 (a) Application of M-bondTM to submount. (b) Placement 
of first grid on submount. (c) Silver paste used to make electrical 
contact between submount and first grid. (d) Insulating layer of Thick 
Formula Super Glue added on top of the first grid. 
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Figure 7.18 (a) A second grid is added on top of the insulating layer 
on the first grid and the gold wire is bent down to the second grid. (b) 
Silver paste is used to make electrical contact between the gold wire 
and the second grid.  
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7.2.6 Focused Ion Beam Milling 

The final step of the sample preparation procedure is creating the electron 

transparent membrane, using a variation of the traditional ‘H-bar’ TEM method with FIB 

milling.  A FIB system, such as the FEI 610 FIB used in these studies [7.21], uses an 

optical system consisting of electrostatic lenses, beam deflectors, and a stigmator to focus 

and scan a beam of gallium ions on the specimen surface.  The column allows operation 

at low beam currents for imaging and high beam currents for site specific milling.  When 

the ion beam strikes the surface of a sample, material is removed through a physical 

sputtering process.  The ions striking the surface also create secondary electrons that can 

be used to create images.  The FEI 610 FIB system is shown in Figure 7.19 [7.21]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.19 The FEI 610 FIB system used to create 
electron transparent membranes [7.21].
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The fully prepared sample is mounted in the FIB such that the gallium beam will 

mill the sample parallel to the layers in the device.  A layer of platinum, approximately 

2x2x20 µm, is deposited across the active region of the device, perpendicular to the 

layers in the device, to protect the region of interest during the milling process.  Initially, 

a beam current of 2000 pA is used to remove the bulk of the material on either side of the 

region of interest.  Once the Pt strip is reached, the beam current is reduced to 100 pA, 

and reduced even further to 28 pA for the final polish of the thin section.  Figure 7.20 (a) 

and (b) are SE images taken in the FIB revealing the ‘H-bar’ shape of the region.  The 

schematics shown in Figure 7.21 show the fully prepared STEM-EBIC sample from a 

cross-sectional view and a front view. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.20 (a) and (b) SE images of FIB cross-section created in FEI 610 FIB. 
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Figure 7.21 Schematic of fully prepared LED for STEM-EBIC experiments 
(a) Cross-sectional view.  (b) Front view.  (Not drawn to scale). 
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7.2.7 Checking Electrical Integrity of Device 

After the final FIB milling step, the fully prepared laser diode is electrically 

checked with a curve tracer, as shown in Figure 7.22 (a).  The laser diode should emit 

under bias have the appropriate I-V characteristics, as shown in Figure 7.22 (b).  The 

fully prepared sample is now ready to be analyzed in the STEM.  Figure 7.23 shows Z-

contrast images taken in the Hitachi HD-2000 STEM of the active region of two different 

fully prepared laser diode MQW samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 

Figure 7.22 (a) I-V curve of fully prepared sample. The voltage 
scale is increments of 0.20 volts. (b) A bias of 1.9 volts is applied 
across the two Cu grids to check the electrical integrity of the 
device. The laser diode is emitting under bias. 
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Figure 7.23 (a) Z-contrast image of electron transparent region of 
active region of one laser diode showing two quantum wells. (b) Z-
contrast image of electron transparent region of active region of one 
laser diode showing four quantum wells. 
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7.3 Design of STEM-EBIC Sample Holder 

A custom STEM-EBIC specimen holder was modified from a standard single-tilt 

side-entry HD-2000 FESTEM specimen holder [7.1], as shown in Figure 7.24.  This 

specimen holder was designed specifically to hold the fully prepared cross-sectional 

optoelectronic device samples and allow for simultaneous structural, chemical, and 

electrical analysis.  A ceramic two bore feedthrough was placed in the hollow aluminum 

barrel of a specimen holder and sealed with Torr Seal, a vacuum compatible epoxy 

resin, to ensure no vacuum leaks through the barrel.  The alumina ceramic feedthrough 

was a two hole round thermocouple insulator purchased from Omega Engineering, Inc. 

with model number TRX-164116.  The 5mm piece of alumina ceramic feedthrough was 

cut from the original 6 inch piece with a low speed diamond saw.  The hollow specimen 

holder barrel and alumina ceramic feedthrough are shown in Figure 7.25. 

Two shielded coaxial single-stranded and silver-plated copper wires insulated 

with Kapton were fed through the ceramic feedthrough and sealed with Torr Seal.  The 

wire was purchased from MDC Vacuum Products Corporation with part number 680502.  

On the atmosphere-side of the barrel, the two wires were soldered to a triax connector 

that was mounted in a Delrin handle, as shown in Figure 7.26.  The shielding and the 

Kapton insulation were removed from the ends of the two wires on the vacuum-side of 

the barrel to allow electrical connections to the sample.   
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Figure 7.25 (a) Hollow aluminum barrel of specimen holder. (b) Optical image of 
alumina ceramic feedthrough. 

(a) (b)

Figure 7.26 Triax connector mounted in Delrin handle. 

Figure 7.24 Standard HD-2000 single-tilt side-entry HD-2000 STEM specimen holder 
(top) [7.18] compared to the custom designed STEM-EBIC holder (bottom) [7.22]. 
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A custom tip was modified from a standard single-tilt side-entry HD-2000 tip 

[7.1] and machined at Accu-Tool Coroporation [7.22], as shown in Figure 7.27.  The tip 

is a separate brass component that attaches to the barrel with setscrews.  The end of the 

tip has an isolated jewel bearing that makes mechanical contact to the column of the 

STEM.   

The custom designed tip allows sample isolation from the barrel and good 

electrical contact to the sample.  The AutoCAD drawing [7.23] in Figure 7.28 shows all 

of the components of the tip described below.  The tip was machined so that a Vespel 

specimen cup sits in the tip and isolates the sample from the barrel and allows proper 

seating of the sample.  The hole in the brass tip and the Vespel insulating insert allow 

for the transmission of the electron beam through the thinned region of the sample.  A 

strip of stamped gold rests in the specimen cup and sits directly on top of the semi-

circular hole in the Vespel.  The gold strip is held in place by a brass screw in the 

insulating insert, thereby isolating it from the tip.  The half Cu solid grid of the prepared 

sample sits directly on the gold strip for electrical contact to the bottom grid while the 

semi-circle of Vespel  provides mechanical support.  The sample, with the thinned 

region over the hole, is secured onto the sample holder with a Cu-Be clip that clamps 

down and makes electrical contact to the top of the sample through the other half Cu solid 

grid.  The Cu-Be clip is attached to the Vespel with two brass screws that are isolated 

from the brass tip in the insert.  One electrical feedthrough is attached to the screw 

securing the gold strip and the other electrical feedthrough is attached to the screw 

securing the Cu-Be clip in place.  The two electrical feedthroughs now make contact to 

the top and bottom of the device via the triax connector. 
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Figure 7.27 Standard HD-2000 single-tilt side-entry HD-2000 tip (top) 
[7.1] compared to the custom designed STEM-EBIC tip (bottom) [7.23]. 
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Figure 7.28 Schematic of the separate components of the tip of the 
STEM-EBIC holder including the brass holder, insulating insert, gold 
strip, Cu//Be clip and brass screws [7.23]. 
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The fully prepared sample is mounted in the tip through a series of steps, as 

shown in Figure 7.29 through Figure 7.31.  Initially, the gold strip is seated in the 

insulating insert and a small drop of Thick Formula Super Glue is used to secure the 

gold strip in place, as shown in Figure 7.29.  A fully prepared sample is then placed onto 

the gold strip with the thinned region over the hold for transmission of the electron beam.  

The gold strip is now making contact to one side of the device via one of the half Cu 

solid grids.  The Cu/Be clip is then clamped to the insulating insert with a brass screw in 

order to secure the sample onto the tip, as shown in Figure 7.30.  The Cu/Be clip also 

makes electrical contact between the second side of the device via the second half Cu 

solid grid.  Finally, one electrical feedthrough is attached to a screw in the gold strip and 

the other electrical feedthrough is attached to the second screw in the Cu-Be clip in place, 

as shown in Figure 7.31.  The two electrical feedthroughs now make contact to the top 

and bottom of the device via the triax connector.  The output of the triax connector allow 

the EBIC signal to be fed directly into a current amplifier, which can then be fed directly 

into an auxiliary port of the STEM and used for EBIC linescans and imaging.  The fully 

prepared, electrically active devices mounted in this custom sample holder allow for 

simultaneous structural, chemical, and electrical characterization of the devices. 
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Figure 7.29 Insulating insert with strip of gold adhered with small 
amount of Thick Formula Super Glue. 
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Figure 7.30 A fully prepared sample is placed on the gold strip and 
secured with the Cu/Be clip that clamps down with a brass screw.  

Cu/Be Clip 

Fully Prepared 
Sample 

Figure 7.31 One electrical feedthrough is attached to the screw in the 
gold strip and the other electrical feedthrough is attached to the screw 
in the Cu-Be clip in place. 
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7.4 Physical Model of STEM Pole Pieces 

A physical model of the Hitachi HD-2000 STEM pole pieces was built to scale 

including the Energy Dispersive Spectrometer (EDS) detector and extra empty port 

directly across from the EDS detector [7.1], as shown in Figure 7.33 and Figure 7.34.  

The sides of the physical model or gap gauge were built out of plexiglass.  Plexiglass was 

chosen because a transparent material was needed in order to view and collect pictures 

from all possible angles.  The physical model allows any sample holder, including the 

custom designed STEM-EBIC sample holder, to be inserted between the pole pieces.  

The sample holder can be tilted in the positive or negative direction, and a protractor 

allows an accurate determination of the degree of tilting.  The sample holder can also be 

tilted ±20° in the physical model, the same amount of tilting allowed in the Hitachi HD-

2000 STEM, as shown in Figure 7.35.  The physical model allows a more accurate 

understanding of the size constraints and size scale involved in designing a STEM-EBIC 

holder.   

 

 

 

 

 

 

 

 

Figure 7.32 A physical model of the Hitachi HD-2000 STEM pole 
pieces including the EDS detector and the empty port across from the 
EDS detector. 
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Figure 7.33 A physical model of the Hitachi HD-2000 STEM pole 
pieces showing the profile of the EDS detector with respect to the 
STEM-EBIC sample holder at 0° tilt. 
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makes mechanical contact to 

Empty Port

Figure 7.34 A physical model of the Hitachi HD-2000 STEM pole 
pieces showing the STEM-EBIC sample (a) 0° tilt and (b) at a 20° tilt 
towards the empty port across from the EDS detector. 
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7.5 Discussion 

Sample preparation of fully packaged optoelectronic devices, such as laser diodes 

and light emitting diodes, for simultaneous structural, compositional, and EBIC analysis 

in a STEM has specific size, thickness, and electrical contact requirements.  This makes 

the preparation of these types of samples challenging.  However, the introduction of a 

novel sample preparation method using a variation of the tripod wedge method in 

combination with the FIB technique has proven to be successful in the preparation of 

these samples for cross-sectional STEM-based analysis.  This sample preparation 

technique was illustrated using fully packaged commercial MQW laser diodes, although 

it can be performed on any fully packaged or unpackaged optoelectronic device.   

A custom STEM-EBIC sample holder specifically designed to hold cross-

sectional optoelectronic device samples was described.  The holder was designed after a 

standard side-entry single tilt Hitachi HD-2000 STEM holder and was designed to isolate 

the sample from the tip while making electrical contact to the top and bottom side of the 

device.  The custom STEM-EBIC holder allows for easy manipulation and mounting of 

the fully prepared optoelectronic device samples as well as ±20° tilt as confirmed with 

the physical model of the Hitachi HD-2000 STEM pole pieces.  

The unique sample preparation coupled with the custom designed sample holder 

for the STEM-EBIC technique makes the nano-characterization of structural, 

compositional, and electrical properties of semiconductor materials and devices possible.   

 

 



 182

7.6 References 

[7.1] Hitachi High Technologies Americas, Inc., http://www.hitachi-hta.com, 
Schaumburg, IL. 

[7.2] J.C. Bravman and R. Sinclair, ‘The preparation of cross-section specimens for 
Transmission Electron Microscopy’, J. Electron Microscopy Technique, Vol. 1, (1984) p. 
53-61. 

[7.3] R. Anderson, S. Klepeis, J. Benedict, W.G. Vandygrift, and M. Orndorff, ‘Recent 
Developments in the preparation of semiconductor device-materials for the Transmission 
Electron Microscope’, Inst. Phys. Conf. Ser., Vol. 100, (1989) p. 491-500. 

[7.4] T.G. Sparrow and U. Valdre , ‘Application of Scanning Transmission Electron 
Microscopy to Semiconductor Devices’, Philos. Mag., Vol. 36, No. 6, (1977) p. 1517-
1528. 

[7.5] D. Fathy, T.G. Sparrow, and U. Valdre, ‘Observation of Dislocations and 
Microplasma Sites in Semiconductors by Direct Correleation of STEBIC, STEM, and 
ELS’, J. Microsc., Vol. 118, (1980) p. 263-273. 

[7.6] P.D. Brown and C.J. Humphreys, ‘STEBIC of Si/Si1-xGex/Si heterostructures’, 
Inst. Phys. Conf. Ser., No. 147, Section 8, (1995) p. 285-288. 

[7.7] C. Cabanel, H. Maya, and J.Y. Laval, ‘Local electrical activity of impact avalanche 
transit time diodes by the scanning transmission electron-beam-induced current 
technique’, Philos. Mag. Lett., Vol. 79, No. 2, (1999) p. 55-61. 

[7.8] H. Maya, C. Cabanel, J.-Y. Laval, L. Peymayeche, A. de Lustrac, and F. Bouillaut, 
‘The electrical activity of IMPATT diodes on a nanometric scale by X-STEBIC method’, 
Eur. Phys. J. Appl. Phys., 10, 43-51, (2000) p. 43-51. 

[7.9] V.E. Cosslett, D. Fathy, T.G. Sparrow, and U. Valdre P.M., ‘Investigation of 
Semiconductor-Materials and Devices by High-Voltage STEM Techniques’, Crystal 
Research and Technology, Vol. 14, Issue 10, (1979) p. 1177-1184. 

[7.10] P.M. Petroff, R.A. Logan, and A. Savage , ‘Nonradiative Recombination at 
Dislocations in III-V Compound Semiconductors’, Phys. Rev. Lett., Vol. 44, No. 4, 
(1980) p. 287-291. 

[7.11] S.J. Pennycook, ‘Investigation of the Electronic Effects of Dislocations by 
STEM’, Ultramicroscopy, 7, (1981) p. 99-104. 

[7.12] J.Y. Laval, J.L. Maurice, and C. Cabanel, ‘Impurity-induced microstructures of 
grain boundaries in cast silicon: Incidence on electrical properties’, Revue de Physique 
Appliquee, 22 (1987) p. 623-629. 

[7.13] C. Cabanel and J.Y. Laval, ‘Localization of the electrical activity of structural 
defects in polycrystalline silicon’, J. Appl. Phys., Vol. 67, No. 3, (1990) p. 1425-1432. 

[7.14] T. Benabbas and J.Y. Laval, ‘Electrical Activity of Al Doped Silicon Σ 9 
Bicrystal by S.T.E.B.I.C.’, Journal de Physique, C6 Supplement, Vol. 1, (1991) p. (C6-
231)-(C6-236). 



 183

[7.15] G.C. Perreault, S.L. Hyland, and D.G. Ast, ‘High accelerating voltage electron 
beam induced current (EBIC) of thick and thin solar silicon specimens’, Solar Energy 
Materials and Solar Cells, 30, (1993) p. 309-326. 

[7.16] P.D. Brown and C.J. Humphreys, ‘STEBIC of Si/Si1-xGex/Si and high voltage 
REBIC of CdTe’, Inst. Phys. Conf. Ser., No. 146, (1995) p. 701-704. 

[7.17] D. Brouri, C. Cabanel, J.Y. Laval, L. Peymayeche, and C. Garrec, ‘Naonoalysis 
of local electrical fields in silicon diodes by STEBIC’, Inst. Phys. Conf. Ser., No. 164 
(1999) p. 711-714. 

[7.18] H. Maya, C. Cabanel, J.-Y. Laval, L. Peymayeche, A. de Lustrac, and F. 
Bouillaut, ‘The electrical activity of IMPATT diodes on a nanometric scale by X-
STEBIC method’, Eur. Phys. J. Appl. Phys., 10, 43-51, (2000) p. 43-51. 

[7.19] H.J. Leamy, ‘Charge Collection Scanning Electron Microscopy’, J. Appl. Phys. 
Vol. 53, No. 6, (1982) p. R51-R80. 

[7.20] Allied High Tech Products, Inc., http://www.alliedhightech.com, Rancho 
Dominguez, CA. 

[7.21] FEI Company, http://www.feicompany.com, Hillsboro, OR. 

[7.22] Accu-Tool Corporation, Apex, North Carolina. 

[7.23] AutoCAD, Educational Version, Computer Aided Mechanical Design Software, 
Autodesk, Inc., 2000. 

 



 184

8 STEM-CL EXPERIMENTS AND RESULTS 

8.1 Introduction 

Cathodoluminescence (CL) is an electron microscopy-based technique that can 

provide information on the optical and electrical properties of semiconductor materials 

and devices.  This chapter focuses on the design, development and implementation of a 

CL system utilizing a Hitachi HD-2000 Scanning Transmission Electron Microscope 

(STEM) [8.1].  The lateral resolution of SEM characterization is limited by the spot size 

of the electron beam and the lateral size of the interaction volume created within the 

specimen.  Therefore, the SEM-CL technique is limited by the beam excited volume of 

generated EHPs.  The combination of a high energy electron beam and a thin sample in a 

STEM improves the spatial resolution to the nanometer scale, as discussed in Chapter 3 

and shown in Figure 3.2.  The size of the port, the location of the Energy Dispersive 

Spectroscopy (EDS) detector, the ±20° tilt of the sample holder and the small pole piece 

gap (less than 5 mm) must be taken into consideration when designing a CL system for 

the Hitachi HD-2000 STEM.  The STEM-CL system was designed, constructed, installed 

and tested in the Hitachi HD-2000 STEM and the technique was demonstrated using 

indium gallium nitride (InGaN) multiple quantum well (MQW) Light Emitting Diodes 

(LEDs). 

 

8.2 TEM-CL and STEM-CL Applications  

 CL systems have previously been implemented on dedicated STEM systems, 

Transmission Electron Microscopy (TEM) systems, and TEM systems with scanning 
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capabilities ((S)TEM).  The STEM-CL technique was first demonstrated in the late 

1970’s by Pennycook, Craven, and Brown in a Vacuum Generator (VG) HB5 100 keV 

dedicated STEM for the study zinc sulphide platelets [8.2].  The panchromatic STEM-CL 

system included a tilting cartridge sample holder containing a silver tube or light pipe.  

The light pipe contained a slot through which the electron beam could pass and was 

coupled to a quartz light pipe/photomultipler tube assembly.  One year later, Petroff et al., 

implemented a CL system in a JEOL 200B 50-200 keV (S)TEM to study defects in 

GaAlAs double heterostructures [8.3].  The system consisted of an elliptical mirror that 

directed the CL signal to a planar mirror system.  The CL signal was then directed into a 

fiber optic, which directed it out of the TEM and into a monochromator.  

 In the early 1980’s, Petroff et al. developed the (S)TEM-CL and (S)TEM-EBIC 

method in a modified TEM working at 150 keV and 200 keV, to obtain information on 

the relationship between dislocation cores and nonradiative recombination properties in 

GaAlAsP [8.4].  The monochromatic CL system consisted of a mirror-spectrometer 

assembly.  In the mid 1980’s, Yamamoto et al. implemented a TEM-CL system in a 

Phillips 400T TEM at an accelerating voltage of 100 keV to examine dislocations in 

diamond [8.5].  The CL signal was initially collected by an ellipsoidal mirror above the 

specimen, reflected by a planar mirror, and focused onto the entrance slit of a 

monochromator by two fused silica lenses.  More recently in 2000, Gao et al. examined 

the porous structure of europium doped yttrium oxide thin films using a panchromatic CL 

system in a dedicated VG HB501 STEM at 100 keV [8.6].  The STEM-CL system used a 

lens assembly to collect the CL signal and photomultiplier to amplify the CL signal.  
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There are several examples of STEM-CL, TEM-CL, and (S)TEM-CL systems used to 

examine a variety of materials as described above and elsewhere [8.7-16]. 

  

8.3 TEM-CL and STEM-CL Applications for the InGaN-based system 

 More recently, several groups have developed and implemented CL systems in 

high resolution electron microscopes to study the InGaN-based material system [8.17-

8.22].  There have been a variety of reports on the investigations of the indium 

composition fluctuations in InxGa1-xN quantum wells using the TEM-CL and (S)TEM-CL 

technique.  Albrecht et al. examined the indium compositional fluctuations in a 3.5 nm 

In0.20Ga0.80N SQW sample and a In0.10Ga0.90N MQW sample with 3.5 nm wells using 

TEM and (S)TEM-CL [8.21].  Indium compositional mapping and quantitative analysis 

revealed a very homogenous indium distribution in the In0.20Ga0.80N SQW sample while 

indium fluctuations on the length scale of 3-9 nm were observed in the In0.10Ga0.90N 

MQW sample.  However, the (S)TEM-CL analysis revealed identical emission spectra 

for the SQW and MQW samples.  Boyall et al. used panchromatic and monochromatic 

(S)TEM-CL imaging and spectroscopy to investigate the uniformity of emission from a 

2.5 nm In0.10Ga0.90N SQW [8.19].  The panchromatic CL image revealed inhomogeneities 

on a sub-micron scale.  Monochromatic CL imaging revealed differences that may have 

arisen from indium fluctuations on the order of 1%.  Finally, Zhang et al. examined 

In0.12Ga0.88N MQW LEDs using TEM-CL [8.22].  Monchromatic TEM-CL imaging of 

the In0.12Ga0.88N MQWs revealed intensity fluctuations pointing to the existence of 

indium fluctuations within the quantum wells. 
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8.4 Samples for STEM-CL Experiments 

The samples used in the STEM-CL experiments were commercial Cree, Inc. 

InGaN-based MQW X-Bright green and blue LEDs [8.23] and were described in detail 

in Section 5.2 of Chapter 5.  The as received devices were individual unpackaged dies as 

shown in Figure 5.1 of Chapter 5.  The samples were mechanically ground to a thickness 

of approximately 30 µm using the tripod method and mounted on a half 3mm Cu slot grid, 

as shown in Figure 8.1.  A FEI Focused Ion Beam (FIB) 200 TEM system with a 

magnum column and a 30 keV Ga+ beam was used to create two electron transparent 

membranes on each sample on the order of 125 nm and 300 nm, as shown in Figure 8.2.  

The FIB milling was performed at Nanospective, Inc. [8.24] and arranged with the help 

of RJ Lee Group, Inc. [8.25]. 

 

 

 

 

 

 

 

 

 

 

100 µm 

Figure 8.1 A top-down secondary electron image of a blue InGaN-based 
MQW LED thinned to a thickness of approximately 30 µm and placed on 
a half 3 mm Cu slot grid prior to FIB milling.  
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8.5 STEM-CL System Design 

8.5.1 Introduction 

 A STEM-CL spectroscopy system with both polychromatic spectroscopic and 

panchromatic imaging capabilities was designed and implemented utilizing a Hitachi 

HD-2000 dedicated FESTEM [8.1].  The CL system consisted of a lens and fiber optic 

for signal collection.  The signal was directed out of the microscope through a fiber optic 

Figure 8.2 (a) and (b) Secondary electron images of the blue InGaN-based MQW LED 
after FIB thinning.  A thin section of ~125 nm and a thin section of ~ 300 nm were 
created. 

(a) 
100 µm 

50 µm 

(b) 

~ 125 nm ~ 300 nm 
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vacuum feedthrough terminated with standard subminiature A (SMA) 905 fiber optic 

interconnects. 

 Panchromatic-CL imaging can be achieved by directing the signal into a 

Hamamatsu H6780-20 photomultipler tube (PMT) module [8.26] with a SMA 905 optic 

fiber adapter.  Alternatively, the signal can be directed into a USB2000 Ocean Optics 

miniature spectrometer [8.27] for polychromatic spectroscopic CL anlysis. 

 

8.5.2 Light Collection System 

 The STEM-CL light collection system included a double convex lens coupled to a 

fiber optic vacuum feedthrough (VFT) through a port in the Hitachi HD-2000 STEM.  

The port was directly across from the Energy Dispersive Spectroscopy (EDS) detector.  

The 1000 µm UV/VIS (200-800 nm) fiber optic VFT was purchased from Avantes [8.28].  

The 316L stainless steel VFT had a M12 threaded housing with a Viton O-ring and 2 

standard SMA 905 optic fiber interconnects, as shown in Figure 8.3.  The VFT is rated 

for a pressure of 9.9E-6 Pa and a temperature up to 100°C. 

 

 

 

 

 

 

 

 

Figure 8.3 1000 µm UV/VIS VFT with standard SMA 905 fiber optic 
interconnects.

SMA 905 
interconnect

O-Ring 

Slotted Washer 
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 A 316 stainless steel lens holder for a 12.7 mm double convex lens was designed 

[8.29] for the end of the 1000 µm fiber optic VFT to increase the solid angle of collection, 

as shown in Figure 8.4.  The UV grade fused silica lens had a 12.7 mm focal length 

[8.30].  The lens holder was designed so that the distance between the lens and the end of 

the fiber optic could be adjusted to ensure placement of the end of the fiber at the focal 

point of the lens.  An optical bench was used to determine the placement of the lens with 

respect to the end of the fiber and the optimum distance between the source and the lens 

holder.  The optimum distance between the source and the lens holder was found to be 21 

mm, providing a solid angle of approximately 0.29 steradians.  For comparison, the solid 

angle of the bare 1000 µm fiber placed 8 mm from the center of the pole pieces provides 

a solid angle of 0.012 steradians. 

 

 

 

 

 

 

 

8.5.3 Flange Design 

 After the optimum distance between the lens holder and the source was 

determined, a flange for the lens holder was machined [8.31].  The flange was designed 

to fit the port of the Hitachi HD-2000 STEM.  The VFT was coupled to the lens and 

mounted in the flange is shown in Figure 8.5.  A slot was cut in the washer on the VFT 

Figure 8.4 12.7 mm lens in custom designed lens holder.  
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and small holes were drilled in the lens holder to prevent virtual vacuum leaks, as shown 

in Figure 8.5 (a).  The o-ring on the flange was a Nitrile Buna-N, rated to 121° C, with 

dimensions of 25.7 mm x 3.5 mm [8.32].  The AutoCAD drawing [8.33] in Figure 8.6 

shows a scaled drawing of the full STEM-CL system in the port directly across from the 

EDS detector in the Hitachi HD-2000 STEM. 
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Figure 8.5 (a) and (b) The lens coupled to the VFT and mounted in 
flange.  
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Figure 8.6 (a)-(c) Cross-sectional AutoCAD drawing [8.33] of the port in Hitachi 
HD-2000 STEM showing the STEM-CL system, including flange, VFT, and lens.
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8.5.4 Vacuum Testing 

 To vacuum test the light collection system in a known vacuum environment prior 

to mounting on the Hitachi HD-2000 STEM, the fully assembled system was mounted on 

the sample exchange chamber of an X-ray Photoelectron Spectroscopy (XPS) system.  

The vacuum pressure of the XPS sample exchange chamber reached 6.7E-6 Pa after 

twenty four hours.  The pressure in the chamber of the Hitachi HD-2000 STEM is only 

3.5E-5 Pa.  Therefore, it was confirmed that the STEM-CL light collection system was 

vacuum compatible with the Hitachi HD-2000 STEM. 

 
 
8.5.4 Panchromatic CL Imaging Capabilities 

 The panchromatic imaging setup consisted of a Hamamatsu H6780-20 

photomultipler tube (PMT) module [8.26] with an SMA 905 optic fiber adapter that 

coupled directly to the light collection system described in Section 8.5.3.  The PMT 

module is approximately 22 x 22 x 50 mm (WxHxL) and weighs 80 grams, as shown in 

Figure 8.7.  The aluminum package houses a compact high-voltage power supply and has 

a cable output.  The multialkali cathode has an 8 mm effective diameter with a 

borosilicate window.  The spectral response ranges from 300-900 nm with a peak 

wavelength of 630 nm and a radiant sensitivity of 78 mA/W.  The module has a 

maximum gain of 1E6, a rise time of 0.78 ns, and a dark current of 2 nA.  The PMT 

module can be connected directly to the SMA 905 fiber optic interconnect on the VFT, as 

shown in the AutoCAD drawing [8.33] in Figure 8.9. 
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8.5.4 Polychromatic CL Spectroscopic Capabilities 

The polychromatic spectroscopy setup consisted of a USB2000 Ocean Optics 

miniature spectrometer [8.27] that coupled directly to the light collection system via a 

SMA905 fiber optic adapter.  The USB2000 spectrometer is a ‘plug-and-play’ unit that 

connects directly to a PC computer with a Universal Serial Bus (USB) cable, as shown in 

Figure 8.8.  The miniature spectrometer draws its power directly from the computer and 

therefore requires no external power supply.  The spectrometer is a 2048-element linear 

CCD array and was configured with a 50 µm slit, a 600 lines/mm grating with a blaze 

wavelength of 500 nm and a spectral window between 350 nm-1000 nm.  The 

spectrometer has a 2 nm optical resolution, equivalent to a 0.007 eV energy resolution at 

(a) 

Figure 8.7 (a) and (b) Hamamatsu PMT module [8.26]. 

(b) 

(a) 

SMA 905 adapter 

22.0 mm

50.0 mm
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600 nm, a 0.009 eV energy resolution at 525 nm and a 0.012 eV energy resolution at 460 

nm.  The USB2000 miniature spectrometer can be connected directly to the SMA 905 

fiber optic interconnect on the VFT, as shown in the AutoCAD drawing [8.33] in Figure 

8.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.8 Ocean Optics USB2000 miniature plug-and-
play spectrometer [8.27].

Spectrometer USB cable 
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Figure 8.9 The (a) STEM-CL system will have (b) polychromatic spectroscopic 
capabilities using the Ocean Optics USB2000 miniature spectrometer [8.27] and 
(c) panchromatic imaging capabilities using the Hamamatsu PMT [8.26]. 

(a) 

(b) 

(c) 
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8.6 Modeling the CL Signal 

8.6.1 Introduction 

 A theoretical model of the SEM-CL signal was developed and used to predict the 

expected STEM-CL signal.  The theoretical SEM-CL values were fit to experimental 

SEM-CL data by adjusting a fitting parameter, i.e. losses through the fiber and joints.  

The fitting parameter was then used in the STEM-CL theoretical calculations and the 

expected CL signal from the PMT module and miniature spectrometer was determined. 

 

8.6.2 Experimental Setup 

 The SEM-CL setup included a 1000 µm fused silica fiber optic terminated with a 

SMA 905 fiber optic interconnect connected to the Ocean Optics miniature spectrometer 

via a vacuum feedthrough on the Hitachi S-3200N SEM [8.1].  More extensive details on 

the SEM-CL setup can be found in Section 5.3 of Chapter 5.  The sample used in the CL 

modeling experiments was a green InGaN-based MQW LED, as described in Section 8.4. 

 The fiber was placed 3 mm from the source, corresponding to a solid angle of 

0.09 steradians.  In these experiments, beam voltages of 10 keV, 20 keV, and 30 keV 

were used and a Faraday cup was used to obtain accurate beam current readings.  At each 

beam voltage, SEM-CL spectra were collected at beam currents of 0.06 nA, 0.4 nA, 0.8 

nA, 1.0 nA, 2.0 nA, and 5.26 nA.  An integration time of 1000 ms was used for all 

collected CL spectra.  The theoretical CL signal was only calculated and compared to the 

experimental SEM-CL spectroscopy data (i.e. not for panchromatic CL signal), as 

discussed in Appendix 4.   
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8.6.3 Results 

 The theoretical SEM-CL calculations compared to the experimental SEM-CL data 

are shown in Appendix A4.  Based on the experimental data, the losses through the fiber, 

VFT and two joints were determined to be approximately 92%.  Therefore a loss of 92% 

was used in the theoretical STEM-CL calculations.  Details of the theoretical STEM-CL 

calculations are described in Appendix A5. 

 The STEM-CL calculations were performed using a beam voltage of 200 keV, a 

beam current of 350 pA, a sample thickness of 300 nm, and a solid angle of 0.26 

steradians.  Using a loss of 92%, there was found to be 11 theoretical counts per second 

in the miniature spectrometer.  Based on the same theoretical model, the STEM-CL 

signal produced from the PMT module will be on the order of 1.0E-10 Amperes. 

 

8.7 Installation of the STEM-CL System 

 After design, construction and vacuum testing of the STEM-CL system and 

modeling of the STEM-CL signal, the STEM-CL system was installed on the Hitachi 

HD-2000 STEM, as shown in Figure 8.10.  The STEM system was vented and the plug in 

the available port across from the EDS detector was removed, as shown in Figure 8.11 (a) 

and (b).  The pole pieces of the objective lens can be seen in Figure 8.11 (b).  The light 

collection system described in Section 8.5 was installed in the port and the Hitachi HD-

2000 STEM was pumped down, as shown in Figure 8.11 (c).  The column of the Hitachi 

HD-2000 STEM was baked for 48 hours at a temperature of 65°C and the chamber 

reached a pressure of 3.1E-5 Pa.  Following installation, the Hitachi HD-2000 STEM was 
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operated under normal conditions and it was determined that the STEM-CL light 

collection system did not interfere with the electron beam. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.10 The Hitachi HD-2000 STEM [8.1]. 
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(a) 
Plug in empty port of 

Hitachi HD-2000 STEM

(b) 

Pole Pieces of the  
Hitachi HD-2000 STEM

Figure 8.11 (a) Plug in empty port of Hitachi HD-2000 STEM [8.1], (b) pole 
pieces seen after plug was removed from the empty port [8.1], and (c) STEM-CL 
system with 12.7 mm lens installed in empty port. 

(c) 
STEM-CL system 
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8.8 Results 

 The green and blue InGaN-based LEDs described in Section 8.4 were both 

examined in the Hitachi HD-2000 STEM.  The samples were mounted in a standard 

Hitachi HD-2000 side-entry single-tilt holder, as shown in Figure 8.12.  Z-contrast 

images of the InGaN-based LEDs confirmed that the green and blue LED each had five 

quantum wells on the order of 2.5-3.0 nm.  A Z-contrast image of the blue InGaN-based 

LED is shown in Figure 8.13.  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 Figure 8.13 A Z-contrast image of the blue InGaN-based LED. 

50 nm 

Figure 8.12 The Hitachi single-tilt side-entry sample 
holder used in STEM-CL experiments.

EDS Detector 

CL Light Collection System
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 For preliminary testing of the STEM-CL system, the Ocean Optics USB2000 

miniature spectrometer was connected to the fiber optic VFT on the Hitachi HD-2000 

STEM, as shown in Figure 8.14.  The green InGaN-based LED was placed in the sample 

holder and tilted 20° towards the STEM-CL light collection system.  The sample holder 

had to be tilted towards the light collection system because the notch in the holder is 

placed on the EDS side of the sample holder and designed to optimize the EDS signal, as 

shown in Figure 8.12. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.14 Ocean Optics USB2000 miniature spectrometer 
connected to fiber optic VFT on Hitachi HD-2000 STEM. 

Ocean Optics USB2000
miniature spectrometer 
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 The sample was moved away from the beam for background spectrum collection.  

A spectrum was then acquired from the bulk, or non-transparent, region of the sample.  

An integration time of 4000 ms with an average of three was used to collect the spectrum.  

The spectrum with the background spectrum subtracted is shown in Figure 8.15 (a) and 

shows a broad peak at approximately 555 nm, but no quantum well emission peak.  A 

spectrum was then collected from the 300 nm electron transparent region of the sample.  

An integration time of 10000 ms with an average of three was used to collect the 

spectrum.   This spectrum with the background spectrum subtracted is shown in Figure 

8.15 (b) and also shows a broad peak at approximately 555 nm, but no quantum well 

emission peak.  Similar spectra were collected from the blue InGaN-based LED.  Due to 

time constraints and instrument availability, the PMT module was not tested. 

 As discussed in Section 5.5 of Chapter 5, the 555 nm broad peak or ‘yellow 

emission’ is thought to be related to defects and impurities in GaN [8.35-37].  

Alternatively, the yellow emission peak that was observed in both LEDs during the 

STEM-CL experiments may be due to an increase in surface defects as a result of the FIB 

milling sample preparation technique.  The papers that have previously used TEM-CL 

and (S)TEM-CL to analyze InxGa1-xN quantum well devices used a combination of 

mechanical grinding and polishing followed by liquid nitrogen cooled argon milling 

thinning [8.19, 21].  Therefore, the sample preparation method needs to be investigated 

further. 

  

 

 



 204

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Wavelength vs. Intensity 
MQW X-Bright Green LED

Wavelength (nm)

In
te

ns
ity

 (a
rb

. u
ni

ts
) 

Bulk Area 

4000 ms, average=3 

≈ 555 nm 

(a) 

Wavelength vs. Intensity 
MQW X-Bright Green LED

Wavelength (nm)

In
te

ns
ity

 (a
rb

. u
ni

ts
) 

300 nm thick region 
10000 ms, average=3 

≈ 555 nm 

Figure 8.15 STEM-CL spectra collected in the green InGaN-based 
LED (a) for 4000 ms with an average of 3 in a non-transparent 
region and (b) for 10000 ms with an average of 3 in a transparent 
region of the green. 
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8.9 Discussion 

 The STEM-CL system that was designed, developed and implemented in the 

Hitachi HD-2000 STEM had a collection efficiency of approximately 5% over 4п 

steradians.  The silver tube and quartz light guide light collection system described by 

Pennycook et al. was designed for STEM systems with small pole piece gaps and had a 

collection efficiency of approximately 10% over 4п steradians [8.2, 8].  The (S)TEM-CL 

system described by Roberts et al. used ellipsoidal mirrors to focus the light onto the slit 

of a monochromator and had a collection efficiency of approximately 20% over 4п 

steradians [8.7].  Although the collection efficiency was 2 to 4 times less than the 

collection efficiencies of previously described STEM-CL systems, the preliminary results 

show that the detection of a CL signal from a thin sample is possible with the STEM-CL 

system described in this chapter.  Improvements to the sample holder need to be 

addressed and additional sample preparation methods need to be explored.  In addition, 

optimum operating conditions in the Hitachi HD-2000 STEM need to be examined.  

 Once the STEM-CL system is optimized, a variety of experiments can be 

performed to examine the existence of indium fluctuations within the quantum wells.  Z-

contrast and panchromatic CL imaging can be correlated and used to locate any intensity 

fluctuations within the quantum wells.  EDS can then be used to identify and 

compositional differences and correlated with the Z-contrast and panchromatic CL 

imaging.  Local probing of the quantum wells with spectroscopic CL can also be used to 

identify composition differences within the quantum wells and compared to the EDS data. 
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9 CONCLUSIONS 

9.1 The Contribution 

The focus of this research was the design, development, and implementation of 

Electron Beam Induced Current (EBIC) and Cathodoluminescence (CL) techniques on 

both a Scanning Electron Microscope (SEM) and high-resolution versions on a Scanning 

Transmission Electron Microscope (STEM).  A SEM-EBIC/CL system and a STEM-

EBIC/CL system were designed, developed and implemented and used to characterize a 

variety of electrical and optical properties of fully processed gallium nitride (GaN)-based 

and indium gallium nitride (InGaN)-based light emitting diodes (LEDs). 

SEM-EBIC experiments in a linescan configuration were performed in a Hitachi 

S-3200N [9.1] and used to determine the minority carrier diffusion lengths of electrons 

and holes in a fully processed GaN-based LED.  A theoretical model with an extended 

generation source and a nonzero surface recombination velocity was used to extract the 

minority carrier diffusion length of the p-type and n-type layers.  A minority carrier 

diffusion length of Ln=(80±6) nm for electrons in the p-type GaN layer, Lp=(70±4) nm 

for holes in the n-type GaN: Si, Zn active layer, and Ln=(54±4) nm for electrons in the p-

type Al0.1Ga0.9N layer were determined [9.2, 3]. 

A SEM-CL system with polychromatic spectroscopic and panchromatic imaging 

capabilities was designed and implemented in a Hitachi S-3200N [9.1] and used to 

examine the piezoelectric fields and indium composition fluctuations in a commercial 

Cree, Inc. InxGa1-xN Multiple Quantum Well (MQW) X-Bright LED.  The existence and 

direction of a piezoelectric field was determined with SEM-CL voltage dependence 
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experiments and the magnitude was estimated to be 1.0±0.2 MV/cm [9.4].  Additional 

carrier generation density variation experiments and electroluminescence experiments 

were used to confirm the existence of a piezoelectric field in the InxGa1-xN MQW LED.  

Planar panchromatic SEM-CL imaging revealed inhomogeneous intensity on the same 

LED and spectral CL measurements were used to locally probe the intensity differences 

and identify any bandgap or indium composition differences. 

The STEM-EBIC technique in a linescan configuration was performed in a 

Hitachi HD-2000 STEM [9.1] and used to determine the p-n junction location of an 

InGaN-based single quantum well LED with respect to the thin quantum well with 

nanometer precision.  A novel sample preparation method using a Focused Ion Beam 

(FIB) technique and a custom STEM-EBIC sample holder were designed for these 

experiments.  The relative position of the p-n junction with respect to the InxGa1-xN 

quantum well was found to be 19 ± 3 nm from the center of the InxGa1-xN quantum well.  

In addition, the simultaneous acquisition of Z-contrast, EBIC, and elemental aluminum 

and indium linescans was demonstrated [9.5-7].  

Following successful implementation of the STEM-EBIC technique, several 

advancements to the technique were implemented.  A novel sample preparation method 

was developed involving a variation of the tripod wedge method in combination with the 

FIB technique to analyze any type of packaged or unpackaged optoelectronic device.  

The sample preparation is divided into several steps, including mechanical thinning, grid 

and wire attachment, and FIB milling to create an electron transparent membrane.  In 

addition, a custom cross-sectional STEM-EBIC sample holder was designed to hold the 
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fully prepared optoelectronic devices and allow for simultaneous STEM-EBIC 

experiments [9.8]. 

Finally, a STEM-CL system with polychromatic spectroscopic and panchromatic 

imaging capabilities was designed, constructed, installed and tested in a Hitachi HD-2000 

STEM [9.1].  The STEM-CL design consisted of a lens and fiber optic light collection 

system and a fiber optic vacuum feedthrough to guide the signal out of the microscope.  

The technique was demonstrated and STEM-CL spectra were obtained from InGaN-

based MQW LEDs.   

 

9.2 Future Work 

 In the SEM-CL system described in Chapter 5, the light collection system was 

designed and both polychromatic spectroscopic and panchromatic imaging capabilities 

were available.  A spectrometer with an improved optical resolution would be useful in 

studying the piezoelectric fields and indium composition fluctuations in the InGaN-based 

devices.  The blueshift of the CL emission peak seen in the voltage dependence and 

carrier generation density experiments of the blue InGaN-based MQW LED in Chapter 5 

were on the order of the optical resolution of the spectrometer.  A higher resolution 

spectrometer would make it possible to determine if a blueshift of the CL emission peak 

is occurring as a function of reverse bias.  A spectrometer with an improved optical 

resolution is also needed to determine if the intensity fluctuations observed in the planar 

panchromatic imaging of Chapter 5 are due to indium composition fluctuations.  The 

addition of monochromatic imaging to the SEM-CL system is necessary and will be 

helpful in examining the role of indium composition fluctuations.  A correlation between 
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panchromatic CL images and EBIC images would be useful in understanding the role of 

electrically active defects in the panchromatic CL image intensity fluctuations. 

 The dramatic decrease in the intensity of the CL emission peak observed 

in the SEM-CL voltage dependent experiments also needs to be understood.  As 

mentioned in Chapter 5, the reduction in intensity may be due to due to the band bending 

of the GaN barrier layer as the reverse bias is increased.  Due to the band bending of the 

barrier layers, the carriers have an increased probability of tunneling out of the quantum 

wells before radiative recombination.  This hypothesis can be examined by monitoring 

the CL intensity of the GaN band-edge.  The intensity of the GaN band-edge should not 

decrease with increasing reverse bias as the reverse bias is increased. 

 As discussed in Chapter 8, the STEM-CL technique was demonstrated using 

InGaN-based MQW LEDs.  However, a STEM sample holder designed specifically for 

CL needs to be designed and a sample with a known CL spectrum needs to be examined.  

In addition, optimum operating conditions and sample preparation techniques for the CL 

technique need to be explored.  Once the STEM-CL system is optimized, a variety of 

experiments can be performed to examine the existence of indium fluctuations within the 

quantum wells of the InGaN-based MQW LEDs.  Z-contrast imaging and panchromatic 

CL imaging can be correlated and used to locate any intensity fluctuations within the 

quantum wells and Energy Dispersive Spectroscopy (EDS) can be used to identify any 

compositional differences.  Spectroscopic CL can also be used to identify composition 

differences within the quantum wells and compared to the EDS data.  Finally, the new 

STEM-EBIC/CL holder can be implemented in the Hitachi HD-2000 STEM for 

simultaneous structural, compositional, electrical and optical characterization. 
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A1 Injection Conditions in the SEM-EBIC Experiments 

A1.1 Introduction 

The SEM-EBIC experiments were done in a linescan configuration and at room 

temperature in a Hitachi S-3200N SEM with a 5 keV electron beam and a beam current 

of 0.1 nA [A1.1].  If an EBIC linescan is done in low injection conditions the tails of the 

EBIC profile can be used to extract the minority carrier diffusion length.  If an EBIC 

linescan is done in high injection conditions, the carrier transport equations that describe 

the minority carrier diffusion length are not valid [A1.2, 3].  The SEM-EBIC experiments 

were performed in order to extract the minority carrier diffusion length and therefore low 

injection conditions had to be maintained. 

 

A1.2 Calculations 

To determine if low injection conditions were being maintained, the generated 

minority carrier concentration (i.e. carriers/cm3) had to be calculated.  Equation A1.1 

shows that the generated minority carrier concentration is the product of the generation 

rate (EHPs/second) and the minority carrier lifetime divided by the interaction volume 

[A1.4, 5]. 
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The approximate number of EHPs created per second was calculated using 

Equation A1.2 [A1.4, 5].   

 

(A1.2) 

 

 

In Equation A1.2, E is the incident beam energy in eV, f is the fraction of the electron 

beam energy that is reflected by the sample [A1.2, 6], q is the electron charge (1.602E-19 

C), Eeh is the energy, in eV, required to produce one electron-hole pair and ibeam is the 

incident beam current in amperes.  The quantity Eeh is constant for a given material and 

independent of beam energy as well as the type of energy used to excite the material.  Eeh 

has been found to be approximately three times the bandgap energy of the semiconductor 

of interest [A1.7].  Therefore, a value corresponding to three times the band gap of 

gallium nitride (10.2 eV) was used in the calculations.  The value of the fraction of 

electron beam energy reflected by the sample (f) helps to properly account for energy-

loss mechanisms within the sample, including the creation of additional EHPs by 

backscattered electrons.  It can be estimated as half of the backscatter coefficient (n) 

[A1.2, 6].  This value was found by performing electron trajectory simulations at each 

particular beam voltage and determining the backscatter coefficient in Electron Flight 

Simulator [A1.7].  The f values determined for beam voltages of 2 keV, 3 keV, 5 keV, 7 

keV, 10 keV, 15 keV, 20 keV, 25 keV, and 30 keV were 0.135, 0.135, 0.131, 0.125, 

0.124, 0.121, 0.118, 0.118, and 0.117, respectively.   
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 The electron trajectory simulations shown in Figure 3.2 of Chapter 3 showed that 

the interaction volume in bulk gallium nitride at 5 keV and 30 keV are spherical with the 

top of the sphere cut off at the sample surface.  Therefore, the interaction volume was 

determined from monte carlo electron trajectory simulations performed in Electron Flight 

Simulator [A1.7].  A bulk gallium nitride sample bombarded with a 5 keV electron beam 

perpendicular to the surface of the sample will have an interaction volume that extends 

approximately 240 nm laterally and 200 nm deep into the sample, as shown in Figure 

A1.1.  From these values, a volume integration was performed to determine the fraction 

of the sphere contained within the specimen.  The interaction volumes determined for 

beam voltages of 2 keV, 3 keV, 5 keV, 7 keV, 10 keV, 15 keV, 20 keV, 25 keV, and 30 

keV were 5.3E-17cm-3, 5.4E-16 cm-3, 6.3E-15 cm-3, 3.1E-14 cm-3, 1.7E-13 cm-3, 1.7E-12 

cm-3, 6.7E-12 cm-3, 2.4E-11 cm-3, and 6.9E-11 cm-3, respectively. 

A value of one nanosecond was used for the minority carrier lifetime in Equation 

A1.1.  This value was taken from the literature which reports values for gallium nitride 

minority carrier lifetime (holes and electrons) on the order of nanoseconds [A1.9-14]. 

 The generated minority carrier concentration at beam voltages between 2 keV and 

30 keV as a function of beam current is plotted in Figure A1.2.  A beam current of 0.1 nA 

is labeled on the plot.  The high injection limit was taken to be 1E18 carriers/cm3, or the 

doping level in the Si and Zn co-doped layer of the device described in Chapter 4.  As 

can be seen from Figure A1.2, at the conditions used in the SEM-EBIC experiments, a 

beam voltage of 5 keV and a beam current of 0.1 nA, low injection conditions were 

maintained. 
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Figure A1.1 A simulation performed in Electron Flight Simulator [A1.7] of 
bulk gallium nitride with a 5 keV beam.

Figure A1.2 Generated Minority Carrier Concentration vs. Beam Current 
for various beam voltages in a bulk gallium nitride sample.  The high 
injection limit is labeled as 1.0E18 cm-3. 
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A2 Applying Donolato Expression to Experimental SEM-EBIC Data 

A2.1 Introduction 

The expression proposed by Donolato for the normalized SEM-EBIC line scan 

was used to extract the minority carrier diffusion length in the p-type and n-type layers of 

a fully process GaN-based device, as described in Chapter 4 [A2.2].  This model was 

chosen because of the more realistic interpretation of the minority carrier excitation and 

transport process.  The model takes into account the extension of the generation source 

and a nonzero surface recombination velocity.  Since the transport of the minority carriers 

can be considered purely diffusive only if they are generated in the neutral region of the 

semiconductor, the generation volume must lie at a distance from the depletion layer that 

is greater than the lateral extension of the generation volume.  Therefore, this model is 

only valid at a distance greater than RKO/2 from either side of the depletion layer, where 

RKO is the Kanaya-Okayama electron range [A2.3].  From this model the collected 

current within the depletion layer is of the form shown in Equation A2.1. 

 

 

                 

 (A2.1)               

 

with, 
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In equation A2.1, L is the diffusion length (nm), R is the electron range (µm), K is the 

wavenumber, D is the minority carrier diffusion coefficient (cm2/sec), Vs is the surface 

recombination velocity (cm/s) and I(0,z) is the maximum EBIC collected at the junction.  

Fitting the theoretical model to the EBIC data, the minority carrier diffusion length, L, 

and the ratio (s) of the surface recombination velocity, Vs, to the minority carrier 

diffusion coefficient, D, are extracted. 

 The theoretical model was fit to the experimental EBIC data using the Mathcad 

program [A2.4].  An example of fitting the theoretical model to the experimental data in 

the 1.0 µm n-type GaN:Si, Zn layer of the active zone is shown in Section A.3.  The 

fitting has been performed in Mathcad and Section A2.2 provides a description of each 

step.  The EBIC image was collected at 5 keV in the JEOL 6400 SEM [A2.5]. 

 

A2.2 Calculations in Mathcad 

 Prior to fitting the theoretical model to the experimental data, a bitmap form of 

the EBIC image is opened in Scion Image [A2.6] and the number of pixels per nanometer 

is calibrated using the micron marker.  In this example, it was found that there are 65 

pixels per 100 nm.  The bitmap form of the EBIC image is then uploaded into the 

Mathcad program and defined (i.e. Image1 in this example).  In this case, the EBIC 

image was collected at 5 keV, corresponding to an RKO value of 212 nm. 

 The READBMP function is used to display an array of integers between 0 (black) 

and 256 (white), representing a grayscale version of the EBIC image.  The array of 

integers is used to determine what values in x and y will be used to create the average 

EBIC linescan.  The text at the bottom of the EBIC image (i.e. accelerating voltage, 
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micron marker, etc.) in Section A2.3 on page 224 has to be excluded in an average EBIC 

linescan.  In this example, the x values (i.e. i) were taken between 25 and 325 pixels and 

the y values (i.e. j) were taken between 1 and 480 pixels. 

 The 300 EBIC linescans are plotted and the value required to bring the EBIC tails 

to zero is determined.  In this example, a value of 70 was subtracted from each pixel in 

order to bring the EBIC tails to zero.  At this point, the x-axis has not yet been calibrated.  

The average of the 300 EBIC linescans is calculated and plotted as a function of the 

calibrated x-axis.  The zero position of the EBIC linescan is also determined by finding 

the maximum in the EBIC linescan.  In this case, the maximum of the EBIC linescan was 

found to occur at pixel number 236 in the x-axis. 

 The next step is to define the variables in the Donolato model.  Values for the 

electron range and initial guesses for the minority carrier diffusion length and surface 

recombination velocity are entered.  For this example, values of 211 nm for the electron 

range, 80 nm for the minority carrier diffusion length and 0 cm-2 for the surface 

recombination velocity were entered. 

 In the final plot, the normalized average EBIC linescan is plotted with red boxes.  

The normalized theoretical EBIC linescan is plotted with a solid blue line.  The first point 

of the theoretical EBIC linescan was taken as 31 nm, approximately RKO/2 from the edge 

of the depletion region in the 1.0 µm n-type GaN layer of the active zone.  The value of 

the depletion region was determined to be approximately 35 nm in this device, as 

described in Chapter 4.  The value of the minority carrier diffusion length and surface 

recombination velocity are changed until a fit to the experimental data is obtained. 
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A2.3 Mathcad Spreadsheet 
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Definition of the units 
 
 
 
 
 
L--> Diffusion length, in nm 
x --> Position along the e-beam scan line, in µm 
R--> Electron range, in µm 
S--> Surface recombination, in cm-1 
 
Donotalo's Model:  
Position of the junction at x=0. 
This model is not valid in the region 0<x<RKO/2. 
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Defining Variables: 
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A3 Injection Conditions in the STEM-EBIC Experiments 

A3.1 Introduction 

The STEM-EBIC experiments were done in a linescan configuration at room 

temperature in a HD-2000 FESTEM with a 200 keV electron beam, a 0.5 nm spot size, 

and a beam current of 350 pA [A3.1].  If an EBIC linescan is done in low injection 

conditions, the tails of the EBIC profile can be used to extract minority carrier diffusion 

length and surface recombination velocity.  If an EBIC linescan is done in high injection 

conditions, the carrier transport equations that describe the minority carrier diffusion 

length and surface recombination velocity are not valid [A3.2, 3].  However, the p-n 

junction location, as determined by the maximum in the EBIC signal, can still be resolved 

with the EBIC technique even in high injection conditions.  A more detailed discussion of 

low injection conditions is described in Chapter 3. 

 

A3.2 Calculations 

In order to determine the injection conditions that were used in the STEM-EBIC 

experiments, the generated minority carrier concentration (carriers/cm3) had to be 

calculated.  Equation A3.1 shows that the generated minority carrier concentration is the 

product of the generation rate (EHPs/second) and the minority carrier lifetime divided by 

the interaction volume [A3.4, 5]. 
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The number of EHPs created per second was calculated using Equation A3.2 

[A3.6].  The equation in Appendix 1 that is used for calculating EHPs/second in SEM 

experiments is only valid for a semi-infinite solid where all the incident electron energy is 

dissipated in the specimen [A3.5].  In Equation A3.2 q is the electron charge (1.602E-19 

C), Eeh is the energy, in eV, required to produce one electron-hole pair and ibeam is the 

incident beam current in amperes.  The quantity Eeh is constant for a given material and 

independent of beam energy as well as the type of energy used to excite the material.  Eeh 

has been found to be approximately three times the bandgap energy of the semiconductor 

of interest [A3.7].  Therefore, a value corresponding to three times the band gap of GaN 

(10.2eV) was used in the calculations. 

 

(A3.2) 

 

 

The ∆E in Equation A3.2 represents the energy lost by the electron as it travels through 

the specimen and can be calculated with Equation A3.3 [A3.6] 
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equation must be used to calculate the rate of energy loss [A3.8].  The rate of energy loss 

was calculated using materials parameters for gallium nitride and was found to be 831.6 

eV/µm. 

A value of one nanosecond was used for the minority carrier lifetime in the 

generated minority carrier concentration calculation (Equation A3.1).  This value was 

taken from the literature which reports values for GaN minority carrier lifetime (holes 

and electrons) on the order of nanoseconds [A3.9-13]. 

 To estimate an interaction volume, the amount of beam spreading that occurs in a 

TEM foil was calculated with Equation A3.4 [A3.14]. 

 

     (A3.4) 

 

In Equation A3.4, Z is the atomic number, A is the atomic weight, E0 is the beam energy 

in eV, ρ is the density in g/cm3, and t is the thickness of the foil in cm.  The beam 

spreading in a 300 nm thick GaN specimen is approximately 43.2 nm (4.32E-6 cm).  

Approximating the interaction volume with a cone, an interaction volume of 1.5E-16cm-3 
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above the high injection limit, then high injection conditions were used.  As can be seen 

from Figure A3.1, high injection conditions were used in the STEM-EBIC experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3.1 Generated Minority Carrier Concentration vs. Beam Current 
for a 200 keV beam and a 300 nm thick specimen.  The high injection limit 
is labeled as 1.0E17cm3. 
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A4 Theoretical Calculations for SEM-CL Signal 

A4.1 Introduction 

 A theoretical model of the SEM-CL signal was fit to experimental SEM-CL data 

by adjusting a fitting parameter, i.e. losses through the fiber.  The experimental data was 

gathered in a Hitachi S-3200N SEM [A4.1].  A 1000 µm fiber optic was placed 3 mm 

from the source, corresponding to a solid angle of 0.09 steradians.  At beam voltages of 

10 keV, 20 keV, and 30 keV, CL spectra were collected at beam currents of 0.06 nA, 0.4 

nA, 0.8 nA, 1.0 nA, 2.0 nA, and 5.26 nA.  An integration time of 1000 ms was used for 

all collected CL spectra. 

 

A4.2 Initial Calculations 

In order calculate the theoretical SEM-CL signal, the number of Electron Hole 

Pairs (EHPs) generated per second had to be calculated.  The number of EHPs generated 

per second was calculated using Equation A4.1 [A4.2, 3].   

         

 

   (A4.1) 
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independent of beam energy as well as the type of energy used to excite the material.  Eeh 

has been found to be approximately three times the bandgap energy of the semiconductor 

of interest [A4.5].  Therefore, a value corresponding to three times the band gap of 

gallium nitride (10.2 eV) was used in the calculations.  The value of the fraction of 

electron beam energy reflected by the sample (f) helps to properly account for energy-

loss mechanisms within the sample, including the creation of additional EHPs by 

backscattered electrons.  It can be estimated as half of the backscatter coefficient (n) 

[A4.3, 4].  This value was found by performing electron trajectory simulations at each 

particular beam voltage and determining the backscatter coefficient in Electron Flight 

Simulator [A1.6].  The f values determined for beam voltages of 10 keV, 20 keV, and 30 

keV were 0.124, 0.118, and 0.117, respectively.   

 Since all of the EHPs generated will not recombine and emit a photon that escapes 

from the material, a luminescence efficiency of 1% was assumed.  Since the 

luminescence efficiency of GaAs at room temperature is approximately 1%, a similar 

value was assumed for GaN at room temperature [A4.7].  Therefore, the total number of 

EHPs created per second was multiplied by 0.01.   

 The solid angle was then calculated as shown in Equation A4.2, where r is the 

radius of fiber and d is the distance between the source and the fiber.  The solid angle was 

divided by 4π in order to determine what fraction of all emitted photons emitted will 

actually hit the bare fiber or lens.  This value was multiplied by the number of photons 

assumed to be created and leaving the sample (i.e. 1% of all EHPs created per second).  

Therefore, the number of photons hitting the fiber per second was determined. 
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          (A4.2) 

  

  

 

A4.3 Calculations for the Spectrometer 

 To determine the number of theoretical counts produced at a particular beam 

voltage and beam current, all photons emitted were assumed to be equally distributed 

over a 100 nm wavelength range.  This number was arrived at by looking at typical SEM-

CL spectra from the green InGaN-based MQW LED sample described in Chapter 5.  The 

green InGaN-based LED was assumed to emit all photons between 460 nm and 560 nm.  

 The Ocean Optics USB2000 2048 linear array miniature spectrometer was 

configured with a 650 nm spectral range grating, corresponding to 3.2 pixels/nm.  

Therefore, the total number of photons making it out of the VFT and into the 

spectrometer is divided by 320.  Since the specifications for the spectrometer list 87 

photons/count, the number of photons per second hitting each bin was divided by 87 in 

order to obtain counts per second.   

 The experimental and theoretical plots of beam current vs. peak spectrometer 

counts are shown in Figure A4.1.  The losses through the fiber, VFT, and joints were 

used as a fitting parameter.  Fitting the theoretical data to the experimental data by 

adjusting the loss fraction resulted in a loss of 0.08 or 92%. 
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Figure A4.1 Experimental and theoretical data for the SEM-CL experiments at 10 
keV, 20 keV, and 30 keV. 
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A5 Theoretical Calculations for STEM-CL Signal 

A4.1 Introduction 

 A theoretical model of the SEM-CL signal was developed and used to predict the 

expected STEM-CL signal in the Hitachi HD-2000 STEM [A5.1].  A theoretical STEM-

CL signal for the Ocean Optics USB2000 miniature spectrometer [A5.2] and Hamamatsu 

photomultiplier tube [A5.3] was calculated.  Both of these calculations were based on the 

92% losses that were determined in the comparison of the SEM-CL experimental and 

theoretical data, as described in detail in Appendix 4.   

 

A5.2 Initial Calculations 

In order calculate the theoretical STEM-CL signal, the number of Electron Hole 

Pairs (EHPs) generated per second had to be calculated.  The number of EHPs created per 

second was calculated using Equation A5.1 [A5.4].  The equation that is used for 

calculating EHPs/second in SEM experiments is only valid for a semi-infinite solid where 

all the incident electron energy is dissipated in the specimen [A5.5].  In Equation A5.1, q 

is the electron charge (1.602E-19 C), Eeh is the energy, in eV, required to produce one 

electron-hole pair and ibeam is the incident beam current in amperes.  The quantity Eeh is 

constant for a given material and independent of beam energy as well as the type of 

energy used to excite the material.  Eeh has been found to be approximately three times 

the bandgap energy of the semiconductor of interest [A5.6].  Therefore, a value 

corresponding to three times the band gap of GaN (10.2eV) was used in the calculations. 
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(A5.1) 

 

 

The ∆E in Equation A5.1 represents the energy loss by the electron as it travels through 

the specimen and can be calculated with Equation A5.2 [A5.4] 

 

       

            (A5.2) 
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of photons assumed to be created and leaving the sample (i.e. 1% of all EHPs created per 

second).   

 

           (A5.3) 

  

Finally, a loss value of 0.08 was multiplied by the number of photons created and leaving 

the sample. 

 

A5.3 Calculations for the Spectrometer 

 To determine the number of theoretical counts produced at a particular beam 

voltage and beam current, all photons emitted were assumed to be equally distributed 

over a 100 nm wavelength range.  This number was arrived at by looking at typical SEM-

CL spectra from the green InGaN-based MQW LED sample described in Chapter 5.  The 

green InGaN-based LED was assumed to emit all photons between 460 nm and 560 nm.  

 The Ocean Optics USB2000 2048 linear array miniature spectrometer was 

configured with a 650 nm spectral range grating, corresponding to 3.2 pixels/nm.  

Therefore, the total number of photons making it out of the VFT and into the 

spectrometer is divided by 320.  Since the specifications for the spectrometer list 87 

photons/count, the number of photons per second hitting each bin was divided by 87 in 

order to obtain counts per second.   
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A5.4 Calculations for the Photomultiplier Tube 

 In order to calculate the theoretical CL signal from the photomultiplier tube 

(PMT), the number of photons making it out of the VFT and into the PMT after losses is 

converted into eV/sec.  Since the peak wavelength of the green LED is approximately 

520 nm, the number of photons per second was multiplied by 2.385 eV/photon in order to 

obtain units of eV/sec.  This value was converted into Watts (J/sec) by multiplying by 

1.602E-19J/eV. 

 The radiant sensitivity of the PMT at 520 nm is approximately 0.072 Amps/Watts.  

Therefore, the number of Watts making it to the PMT is multiplied by 0.072 and 

multiplied again by the gain (1E5) in order to obtain the current output of the PMT. 

 

A5.5 Results 

 The STEM-CL calculations were done assuming a beam voltage of 200 keV, a 

beam current of 350 pA, a sample thickness of 300 nm, and a solid angle of 0.26 

steradians.  Using losses of 92%, there was found to be 11 theoretical counts per second 

in the spectrometer.  This number of theoretical STEM-CL counts was compared to the 

SEM-CL experimental and theoretical data.  At a beam voltage of 10 keV and a beam 

current of 0.06 nA in the SEM, 18 counts were found experimentally and 10 counts were 

found with the theoretical model.  Therefore, the STEM-CL signal should be detectable 

by the miniature spectrometer.  Based on the same theoretical model, the CL signal 

produced from the PMT module will be on the order of 1E-10 Amps. 
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